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Quantum dots (QDs) are the semiconductor nanocrystals (NCs) of three dimensional 
size in nanometer scale exhibiting quantum confinement effect. The distinct size-
dependent electronic and optical properties trigger tremendous studies in QDs in both 
fundamental science and technical utilizations. In biological research, water-soluble 
QDs are typically required, which is not an intrinsic property for highly luminescent 
QDs prepared via organometallic methods. The investigations described in this 
dissertation bridge the gap between the as-synthesized QDs in the organic phase and 
the ones ready for biological applications.  
The investigation in this dissertation is organized in two sections. The first section 
focuses on the synthesis of highly luminescent QDs directly in aqueous phase since 
the intrinsically hydrophilic QDs facilitate further functionalization in aqueous phase, 
especially with biomolecules. We developed an aqueous synthetic route of colloidal 
CdTe/CdS core/shell QDs under ambient air atmosphere without inert gas protection 
throughout the entire fabrication process. The obtained core/shell QDs were highly 
luminescent with a widely tunable photoluminescence (PL) emission window of 535–
815 nm. The PL quantum yield of the corresponding QDs was typically maintained at 
40% or higher in a red and near-infrared (NIR) regime (600–815 nm) without any 
post-synthesis treatment. By studying the PL dynamics, we witnessed the band 
alignment transition from type-I to type-II in the CdTe/CdS core/shell structure with 
VII 
 
localized holes in the CdTe core and electrons in the CdS shell. This electronic 
alignment transition correlated well with the wide PL emission window and the 
evolution of PL quantum yield upon the coherent deposition of the CdS shell. 
The second section centres on solubilization of oleophilic QDs in aqueous media via 
ligand exchange. The ligand exchange-based phase transfer is a standard method to 
render oleophilic QDs soluble in aqueous buffer. The incomplete transfer and severe 
weakening of PL quantum yield, however, continuously puzzle many researchers. We 
devised a facile and general method to transfer oleophilic QDs to aqueous phase with 
a high transfer efficiency (~100%) and essentially retaining the PL quantum yield (> 
80%). The transfer is based on a ligand exchange process mediated by 
ethylenediamine (EDA). The addition of EDA prior to strong bifunctional ligands to 
oleophilic QDs was proved to be the critical step. The roles of EDA in this process 
are: (1) reacts with and strips off original ligands; (2) reversibly adsorbs on the 
surface of stripped QDs in the organic phase and transfers QDs to the aqueous phase; 
(3) spontaneously desorbs from QD surface in the aqueous phase and leaves reactive 
surface sites to strong ligands. These three roles of EDA work convergently to 
facilitate efficient transfer of QDs while essentially preserve surface properties of 
solid component of QDs. In addition, the EDA-capped QDs were found to be 
substantially reactive towards incoming strong ligands, due to the complete opening 
of surface reactive sites to the environment. This property benefits the preservation of 
PL quantum yield by reducing the applied amount of incoming strong ligands and it 
may also be conducive for quantitative loading of biomolecules on QDs.  
We further employed EDA-mediating process to prepare DNA-encapsulated QDs. 
Thanks to the stripping of original ligand and reversible capping of EDA, DNA can 
VIII 
 
directly conjugates with QDs via thiol-metal linkage. Examined by optical 
spectroscopy, gel-electrophoresis and FRET analysis, the conjugates present bright 
PL emission (PL quantum yield 40~50%), compact surface density of DNA (ca. 1.9 
nm2 per strand) yet exceptional accessibility (up to 80% of hybridization efficiency). 
The treatment of as-synthesized QDs with EDA prior to the addition of thiolated-
DNA led to a rapid conjugation (ca. 2 hours), in stark contrast to established methods 
and revealing the thermodynamic equilibrium dominant nature. Our method provides 
great ease to the manufacture of the QD-DNA conjugates in a controllable manner 
and the conjugation mechanism shows that it is promising to be a general way for the 
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Chapter 1 Introduction 
 
1.1 Motivation 
In numerous disciplines of contemporary science and technology, ranging from 
quantum physics to biomolecule chemistry, colloidal semiconductor nanocrystals 
(NCs), also renowned as quantum dots (QDs), are of great attraction primarily due to 
their remarkable size dependent properties and facile chemical processability.[1] The 
most distinctive property of QDs, differing them from the bulk counterpart, is the 
broadened band gap and discrete band structure in valence and conduction bands.[2] 
More importantly, the scale of band gap is contingent to the physical size of the 
particle and this fact builds up one of the foundations for the applications based on 
QD optical properties, such as QD-based laser,[3] lighting technique[4] and fluorescent 
probe,[5, 6] and electric properties, such as QD-based field-effect transistor[7] and solar 
cell.[8] 
Another feature makes QDs far-reaching influenced is the solution processability. The 
wet-chemical route enables relatively large-scale synthesis in colloidal phase while 
realizing precise control on the particle size and morphology at nanometer level 
without manipulation of sophisticated instrumentations.[9] Furthermore, the as-
prepared QDs in colloidal phase facilitate post-synthetic treatment and utilization. For 
example, the highly luminescent QDs are employed as fluorescent probe in biological 
research by conjugation with desired surface molecules, such as biocompatiable 
polymer, DNA, protein etc.[10] In the area of energy conversion, QDs are readily 
deposited on the substrate via solution process to fabricate light sensitive chips by 
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adopting standard methods, such as spray painting, reel-to-reel printing and dip- 
coating.[11] 
As fluorescent probes in biological studies, QDs have been used as the replacement of 
organic dye due to their bright fluorescence, large absorption cross-section, broad 
absorption spectrum, narrow photoluminescence (PL) emission tunable from visible 
to near-infrared (NIR), and high resistance to photobleaching.[12] Unfortunately, the 
hydrophobicity of highly luminescent QDs synthesized via organometallic approach 
builds a barrier to this aim. In the past, numerous investigations have been done to 
confer QDs with water solubility, such as exchange with bifunctional ligands[5] and 
amphiphilic polymer encapsulation.[13] Nevertheless, both methods usually suffer (1) 
incomplete solubilization in aqueous media; (2) acute deterioration of PL property; 
(3) large hydrodynamic size. Hence, the studies presented in this dissertation focus on 
developing new methodologies to prepare highly luminescent water-soluble QDs and 
these QDs with further biomolecule functionalization.  
The studies described in this dissertation specifically aim to: 
(1) Develop an aqueous synthetic route of highly luminescent CdTe/CdS core/shell 
QDs without inert gas protection throughout the experiment. In the past, the CdTe 
QDs have been demonstrated to be prepared in aqueous phase.[14] The inert reaction 
atmosphere and low PL quantum yield, however, flaw this method. On the contrary, 
we aim at a new synthetic protocol enabling the preparation of QDs in ambient 
environment while not sacrificing the optical properties. Such most simplified method 
allows large scale manufacture of highly luminescent QDs without subtle 
manipulation. Furthermore, the inherent hydrophilicity of as-prepared QDs facilitates 
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the direct conjugation with biomolecules by adopting standard conjugation chemistry, 
such as the formation of amide bond by EDC-NHS coupling. 
(2) Design a ligand exchange based phase transfer scheme for oleophilic QDs to 
simultaneously achieve both high transfer efficiency and PL preservation. It is known 
that QDs prepared via organometallic method possess high PL quantum yield[15] and 
thus they are candidate with great potential as the fluorescent probe. To address the 
issue of water insolubilization of these oleophilic QDs, two routes, ligand exchange[5] 
and polymer encapsulation,[13] are devised. The ligand exchange based method 
confers QDs with small hydrodynamic size, which is critical in a number of biological 
studies.[16] Two shortcomings, nevertheless, accompany with it: poor water solubility 
and severe deterioration of PL quantum yield. Both can be attributed to the 
incomplete substitution of original ligands. In our study, we target to design a new 
way to realize both high transfer efficiency and PL preservation. The solubilization of 
the QDs in aqueous buffer allows further modification with biomolecules. The 
concept of such method can be extended to other types of nanoparticles (NPs), which 
needed to be transferred to the solvent with opposite polarity.    
(3) Develop colloidally stable DNA-QD conjugate. DNA-QD conjugates have been 
widely utilized in bio-imaging and bio-detection by exploiting the superior optical 
properties of QDs and rigid binding code of DNA molecules. Direct tethering thiol 
terminated DNA to QD surface is free of sophisticated pre-modification of both 
components and thus widely accepted for conjugate preparation. Moreover, direct 
tethering provides the shortest separation distance between these two fluorophores 
and, owing to the rigid backbone of doule-stranded DNA, it affords more precise 
control of the separation distance, which is crucial in DNA-QD based Förster 
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resonance energy transfer (FRET) study. The conventional method to fabricate DNA-
QD conjugates is based on two consecutive ligand exchange processes,[17] which is 
time consuming, laborious, and inefficient in conjugation yield. In this study, we aim 
to immobilize the thiolated-DNA on QDs in a more efficient way, which is based on a 
thermodynamic equilibrium-controlled process, essentially different from the 
traditional method. This methodology may also provide a general hint for the 
conjugation of hydrophobic NPs and biomolecules. 
The following chapter (Chapter 2) provides a succinct review of relevant concepts and 
fundamentals for better understanding of the studies carried out in this dissertation. 
The studies in this dissertation are reported in Chapter 3-5. Chapter 3 describes the 
synthesis of CdTe/CdS core/shell QDs in aqueous phase depicted in Aim (1). A 
general protocol for phase transfer of oleophilic QDs is reported in Chapter 4 under 
the cover of Aim (2). And conjugation of DNA and QDs is emphasized in Chapter 5 
with covering of Aim (3). The dissertation ends with conclusion and the suggestions 
for future work. 
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Chapter 2 Literature review 
 
2.1 Fundamentals of optical properties of quantum dots 
One of the most noticeable properties of QDs is the vivid photoluminescence. This 
section succinctly summaries the current understanding of the optical properties of 
QDs depending on the size, composition, and shape. Such knowledge helps rational 
design of QDs with improved optical properties for specific applications and provides 
insightful description of new QDs with exceptional optical properties.    
 
2.1.1 Size-dependent optical properties of QDs 
It is known that, given a semiconductor material, the electron is promoted from the 
valence band to the conduction band upon the excitation by photons with energy 
larger than the band gap. An electron-hole pair (exciton) is generated in this process. 
As the dimension of material shrinks to be similar or smaller than the natural length 
scale of exciton, the spatial extent of exciton wave function is restricted by the actual 
material boundary. As a result, the bulk bands develop into atomic-like quantized. 
This effect is manifested by the stark difference of the absorption spectrum of bulk 
semiconductor material and quantum-confined one. As illustrated in Fig 2.1, the 
absorption spectrum of bulk semiconductor has a step-function-like onset at the 
bandgap energy followed by linear increment in higher energy window. On the other 
hand, quantum confined semiconductor shows a strong bandgap absorption and 
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nonlinear increase in higher energy window with more featured absorption peaks, 
which reflect the discrete exciton energy levels.      
 
Figure 2.1 Comparison between bulk semiconductor and nanometer-sized semiconductor 
(QD). 
 
In analogy with the hydrogen atom system, the natural length scale of electron, hole 
and exciton can be estimated by the corresponding Bohr radius, which is described as: 




ε is the dielectric constant of the material, 
m is the rest mass of the electron, 
m* is the mass of electron, hole or exciton, 
a0 is the Bohr radius of the hydrogen atom 
According to Eq 2.1, we can readily calculate the electron, hole and exciton Bohr 
radius of common semiconductor materials. For instance, because the exciton Bohr 
radius (aexc) in PbSe is ca. 32 nm and the PbSe nanocrystals (NCs) are usually smaller 
than this size, the PbSe NCs are in strong confinement regime. With a aexc of 5 nm, 
the synthesized CdSe NCs are in the intermediate confinement regime, implying that 
one charge carrier is strongly confined while the other is not. ZnO NCs are normally 
in the weak confinement regime due to the small aexc of 2nm. 
The quantum confinement effect can be approximately depicted by using the particle-
in-a-box model. To describe the electronic structure of semiconductor nanocrystals in 
confinement regime, Brus first proposed a simple model by adopting effective mass 











+ 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑡𝑒𝑟𝑚𝑠          (2.2) 
Where ħ is reduced Planck constant; R is the radius of semiconductor nanosphere; me 
is the effective mass of electron; mh is the effective mass of hole; and, ε is the 
dielectric constant of nanosphere. The first term on the right-hand side in Eq 2.2 
describes the energy of localization due to the quantum confinement effect. The 
second term is the Coulomb attraction of exciton. According to this theoretical study, 
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it is predicted that the actual band gap of a selected semiconductor material in 
quantum confinement regime is inversely proportional to the material dimension and 
can be tuned via controlling the size (Fig 2.2a).[1] This seminal work built up the 
foundation and prompted the extensive research in the area of colloidal semiconductor 
nanocrystals (QDs). As the subsequent improvement of synthetic technique of QDs, 
the experimental results well demonstrated the size-dependent band gap (Fig 2.2b and 
c).[3] 
Following the photoexcitation of QDs, the electrons and holes at excited state may 
relax to the ground state in radiative or nonradiative way. Accompanying with the 
radiative relaxation, the energy is released as fluorescence (photoluminescence). The 
QDs with different bandgap resulting from different size present a variety of PL color 
(Fig 2.2c). Accordingly, besides the absorption spectrum, the size-tunable bandgap of 






Figure 2.2 (a) The calculated energy of the lowest excited electronic state as a function of 
crystallite diameter. The bulk band gap energies of individual material are indicated as short 
horizontal line[1]; (b) The absorption spectra of CdSe NCs with a series of size[3]; (c) The 1s-
1s transition energy of the synthesized CdSe NCs as the function of size (diamond dots) in 
comparison with that predicted by EMA (solid line).[3] Note that the 1s-1s transition energy of 
synthesized CdSe NCs with small size significantly deviated from the calculated value. This 
failure of EMA model in strong confinement regime has been mentioned by Brus[1], which is 
mainly due to the disregard of high particle kinetic energy in extreme small NCs. Inset is the 
photo of CdSe QDs with different size, adapted from 
http://blogs.nature.com/boston/2006/12/05/image-consultant-for-scientists. Figure (a) was 
reprinted with permission from reference 1. Copyright 1984, AIP Publishing LLC. Figures (b) 
and (c) were reprinted with permission from reference 3. Copyright 1993 American Chemical 
Society. 
 
2.1.2 Composition-dependent optical properties of QDs 
Besides the influence of size, different component materials provide an assortment of 
optical properties due to the intrinsic diversity of electronic band alignment[4] and 
chemical structure of semiconductors.[5] Several important composition- and 




2.1.2.1 Optical properties of single-component QDs 
As shown in Fig. 2.3, QDs of different composition material exhibit distinct 
photoluminescence (PL) due to the intrinsic variety of electronic band gap. Combined 
with the size-tunable property, QDs based on the common II-VI and III-V 
semiconductors compose a full-color palette covering visible to near-infrared 
spectrum. This palette covering broad emission window provides a toolkit to scientists 
and engineers for the applications in bioimaging and light-emitting devices.    
 
Figure 2.3 Approximate PL emission ranges and core sizes for different QD materials.[6]  
Reprinted with permission from reference 6. Copyright 2011 American Chemical Society. 
 
Another important optical property associating with single component QD is surface-
related PL emission. Here, we stress on the surface state in QDs and interplay 
between QD surface and ligand, as well as the resultant effect on optical properties. 
More details regarding exciton protection and PL quantum yield enhancement will be 





Figure 2.4 Schematic of surface trap PL emission of QDs. Left, electron trap; Right, hole trap. 
   
For a given material, the surface area to volume ratio increases as the size reduces and 
thus the surface may have a significant impact on the overall properties. Due to the 
extremely small size (e.g. the CdSe QD with blue to red fluorescence is in size of ca. 
2~5nm), the surface atoms per QD account for a considerable percentage[7] and thus 
the surface state plays a significant role in the photophysics and thus optical 
properties. In crystalline material, surface is considered as imperfection as the long-
ordered arrangement terminates at this boundary and its property is profoundly 
influenced by the environment. In the case of QDs, the surface atoms are passivated 
by ligands in wet-chemically synthesized QD. Nevertheless, this passivation is usually 
incomplete due to the nature of coordinate bonding of ligands to QD surface and the 
difference between lattice dimension of QD and molecular size of ligands. Therefore, 
a portion of the surface atoms are unsaturated and produce surface state energy level 
(Fig. 2.4). The photoexcited electrons or holes may be trapped at the surface state 
level (e-trap or h-trap), which is in the intermediate between valence band and 
conduction band, in the relaxation. The trapped electron and holes undergo two ways 
in the subsequent relaxation. The first one is the radiative recombination with the 
opposite charge carriers and thus leads to the trap-emission at the longer wavelength. 
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The second one is the nonradiative decay to the matrix and hence results in the 
deterioration of PL quantum yield or PL quenching. The surface state-trapping is 
substantially enhanced in strong quantum confined QDs due to the considerable 
spatial extension of exciton wave functions. 
The surface states originating from the dangling bond (lone electron-pair or unfilled 
orbit) can be scavenged by certain ligand passivation. For example, Lewis base 
ligand, such as aliphatic amine, bind to cadmium site via dative bond while 
phosphines passivate the selenium site. The scavenging usually results in the 
enhancement of PL emission.[8-10] The surface states may also be induced by the 
ligands, depending on the relative position between the redox potential and band 
level. Accordingly, the band-edge PL emission and trap-state emission of QDs can be 
controlled by the concentration of ligands in solution and the overall displayed color 
is thus tunable.[11]   
2.1.2.2 Optical properties of core/shell and core/muti-shell QDs 
The plain core QDs exhibit tunable PL emission wavelength. Nevertheless, owing to 
the significant dependence on the environmental and surface scenario, the PL 
quantum yield is usually low as ca. 5~20%.[3, 12] This hinders the development of QD-
based light-emission applications, in which high PL quantum yield is pre-required. 
To overcome the vulnerability of PL emission and further increase PL quantum yield, 
the coating of a large bandgap semiconductor shell over the core NCs was introduced 
by Guyot-Sionnest and coworkers.[13] The epitaxial overgrowth of a ZnS shell ensures 
a dense inorganic layer passivating the surface dangling bonds of CdSe core NC. 
Additionally, the less oxidizable ZnS shell avoids or retards the oxidation of selenium 
in low valence state and thus reduces the production of oxides, a suspected 
14 
 
nonradiative relaxation center. Thirdly, the higher energy level of both valence and 
conduction bands of ZnS builds an electronic barrier to access the excitons in core 
NCs and facilitates the radiative recombination mainly inside the core. Indeed, the as-
prepared monodisperse CdSe/ZnS core/shell QDs show significantly enhanced band 
edge PL emission quantum yield of 50% and negligible deep trap emission at room 
temperature. The PL dynamics revealed a major population of fast radiative decay in 
CdSe/ZnS core/shell QDs, which is in stark contrast to the plain core CdSe and 
implies the enhanced radiative recombination inside core. Chemical analysis indicates 
that the high PL quantum yield of CdSe/ZnS core/shell QDs can only be achieved 
with a certain thickness of ZnS (ca. 1.3 ZnS monolayer and beyond) due to the 
complete covering of the shell.[14] However, owing to the large lattice mismatch 
(12%) between CdSe and ZnS, thick shell probably leads to incoherent overgrowth 
with dislocations. The interfacial defects are attributed to be the source of 
nonradiative recombination and thus deteriorate the PL quantum yield.[12, 14] 
Therefore, the structural distinction becomes the main barrier to further increase the 
quantum yield of CdSe/ZnS QDs. 
Unlike ZnS, CdS and ZnSe have much smaller lattice mismatch (3.9% and 7% 
respectively) to CdSe and thus they can form more coherent epitaxy on CdSe NC. 
Taking into consideration of the small band level offset of CdS and CdSe (conduction 
band) or ZnSe and CdSe (valence band), a second shell of ZnS is overgrown to 
achieve secure electronic passivation of overall structure.[15] The as-prepared 
CdSe/CdS/ZnS and CdSe/ZnSe/ZnS QDs exhibit extremely high quantum yield 
(70~80%) and superior photostability. A detailed structural analysis by aberration-
corrected Z-contrast scanning transmission electron microscopy proves that the 
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uniform shell coverage is obtained only for CdS/ZnS shell coating and crucial for 
high quantum yield.[16] In addition to pure compounds, the shell material can also be 
alloy. Xie et al. demonstrated that the graded shell in CdSe/CdS/Zn0.5Cd0.5S/ZnS 
core/multishell QDs relaxes the lattice strain and provides electronic passivation 
simultaneously (Fig. 2.5). Thus, the produced QDs show decent monodispersity and 
high quantum yield (up to ca. 90%).[17] 
    
Figure 2.5 (a) Schematic of the structure of CdSe/CdS/Zn0.5Cd0.5S/ZnS core/multishell NCs; 
(b) Evolution of the PL quantum yield for several core/shell NCs; (c) TEM image of 
CdSe/CdS(2ML)/Zn0.5Cd0.5S(3.5ML)/ZnS(2ML) core/multishell NCs.[17] Reprinted with 
permission from reference 17. Copyright 2005 American Chemical Society. 
 
The second function of shell in core/shell QDs is to engineer the band structure and 
thus tune the optical properties.[18-21] To clarify this function, first, the heterojunction 
of semiconductor needs to be introduced. The heterojunction is classified as three 
types with respect of the band alignment: type-I, type-II and type-III. Type-I 
(including inverted type-I) structure has a straddling configuration and thus the 
excited electrons and holes are located in the same material domain (either core or 
shell). Type-II has a staggered band alignment and results in the separation of charge 
carriers into two regions. Type-III is featured by a broken band structure and rarely 
(a) (c) (b) 
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observed in common semiconductor heterojunctions. As NCs of this band alignment 
is non-emissive[20], it will not be discussed here. 
 
 
Figure 2.6 Top: The band alignment of different semiconductor heterojunctions; Bottom: 
Electronic energy levels of selected III–V and II–VI semiconductors.[22] Reprinted with 
permission from reference 22. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA. 
 
Owing to the varied band energy level of common II-VI and III-V semiconductors 
(Fig. 2.6), the rational coupling of them creates NCs with structure of type-I, type-II 
or the combination of both. For instance, the electronic configuration of CdSe/ZnS is 
classified as type-I while that of CdTe/CdSe belongs to type-II.[18] As more 
sophisticated structure, CdSe/CdTe/ZnSe core/shell/shell NCs exhibit a combination 
of type-II (CdSe/CdTe) and type-I (CdTe/ZnSe) alignments in one particle.[23] 
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The mechanism of band gap engineering by combining two or more components in 
one entity is illustrated in Fig. 2.7, with the emphasis of type-II structure. (The 
function of type-I structure is to provide the electronic passiviation for the core 
material, such as CdSe/ZnS. Hence, the band gap of overall particle is minimally 
changed. See content above for more details.) As shown in Fig. 2.7, CdTe/CdSe 
core/shell NC has a staggered band alignment. Upon photoexcitation by incident 
energy smaller than the band gap of CdSe but larger than that of CdTe, the excitons 
are generated in CdTe domain alone. The excited electrons at CdTe conduction band 
spontaneously shift to the CdSe domain due to the lower conduction band level of 
shell material, while the holes still reside in core. Therefore, the released energy 
during the recombination of excited charge carriers equals the smallest band gap of 
overall structure, that is, the difference between the conduction band level of CdSe 
and the valence band level of CdTe, rather than either of the band gap of pure core or 
shell material. In practice, within the smaller band gap, the CdTe/CdSe NCs emit 
strong near-infrared (NIR) PL, which is infeasible for either of the component alone. 
In addition, owing to the quantum size effect, the overall band structure can be tuned 
by adjusting the size of core and shell and thus a series of NCs with continuous PL 
emission wavelength at low energy window are obtained. This band gap engineering 
based on band-offset tuning of core and shell broadens the reachable PL emission 
window of QDs of selected semiconductors. The highly luminescent type-II QDs hold 
great promise for bioimaging applications in NIR spectrum, in which the 
autofluorescence is essentially avoided under low energy excitation.[24] Another 
feature of type-II QD luminescence is the significantly extended PL lifetime due to 
the spatial separation of the electrons and holes, as well as slow recombination 




Figure 2.7 (a) Schematic of the band alignment of CdTe/CdSe core/shell QD; (b) Modeled 
electron (gray) and hole (black) radial wave functions for CdTe(20 Å radius)/CdSe(4 Å) 
core/shell QD; (c) Absorption and PL spectra of 32 Å radius CdTe QD (gray) and CdTe/CdSe 
(32 Å radius core/ thickness of 11 Å shell) QD (black); (d) PL spectra of different CdTe/CdSe 
core/shell QDs. The CdTe core radii and CdSe shell thicknesses are 16 Å/19 Å (core 
radius/shell thickness), 16 Å/32 Å, 32 Å/11 Å, 32 Å/24 Å, and 56 Å/19 Å from left to the 
right in the spectra; (e) PL intensity decays of CdTe/CdSe (32 Å radius core/thickness of 11 Å 
radius CdTe) QD (dotted line, quantum yield 40%).[18] Reprinted with permission from 
reference 18. Copyright 2003 American Chemical Society. 
 
The intrinsic staggered band offset is not the indispensible prerequisite for the 
formation of type-II QD. Alternatively, lattice strain between core and shell can be 
applied to regulate the band structure and thus the optical properties.[21] For example, 







diagram. However, the CdTe/ZnSe core/shell NCs with increasing shell thickness 
show the conversion from type-I to type-II electronic structure, which is characterized 
by (1) the progressive bathochromic shift of the first absorption peak and the strong 
NIR PL emission, unachievable for pure component; (2) decreasing band-edge 
oscillator strength (see the decreasing 1st exciton absorbance); (3) drastically 
elongated PL lifetime. This conversion is rationalized by the strain-induced band 
deformation.[25] Due to the considerable lattice mismatch (ca. 14%) of CdTe (zinc-
blende, 6.48 Å) and ZnSe (zinc-blende, 5.67 Å), the epitaxial overgrowth of ZnSe 
shell creates compressive force to CdTe core while undertakes expanding strain itself. 
According to the definition of volume deformation potential of energy band gap, 
𝑎𝑉 = 𝜕𝑙𝑛𝐸𝑔 𝜕𝑙𝑛𝑉 ⁄ < 0          (2.3) 
where Eg is the band gap of semiconductor and 𝜕𝑙𝑛𝑉  is the deformation induced 
volume change,[25] the energy level of conduction band of CdTe is elevated, whereas 
that of ZnSe drops under such highly strained condition. With the increasing shell 
thickness, these two effects work convergently and the initial type-I transforms to 
type-II structure. Within this chemical-electronic structure relationship, a series of 
highly luminescent QDs can be readily prepared by using single type of core material.   
2.1.2.3 Optical properties of alloyed QDs 
Similar to the bulk and thin film semiconductor, the electronic and optical properties 
of QDs can be manipulated by alloying.[26-28] When two semiconductors form the 
alloy (either homogeneous alloy or gradient alloy), the overall band structure is 
changed and depends on the respective abundance of component elements. 
Specifically, the wide bandgap semiconductor (parent) alloying with narrow bandgap 
one reduces the band gap of parent (Fig. 2.8, CdTe → Hg xCd1-xTe). On the other 
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hand, narrow bandgap semiconductor alloying with wide bandgap one leads to the 
broadening of the parent band gap (Fig. 2.8, CdTe → CdSe xTe1-x). According to the 
Vegard’s rule,[29] generally, the overall band structure of alloy approaches that of the 
component with richer abundance (Fig. 2.8). However, this is not always the case. A 
phenomenon, called “optical bowing”, has been observed in both bulk and nano-scale 
semiconductor alloys (Fig. 2.8). This nonlinear effect is attributed to the synergy of 
different atomic size, electronegativity of ions and internal relaxation of anion-cation 
bond length in alloy.[26] 
For bio-tagging application, the QDs of small size are preferred owing to the higher 
probability of cell membrane penetration. As mentioned above, the NIR emissive 
QDs are also favored because of the clear observing window in NIR region. For 
core/shell configuration, the QDs with NIR PL emission are usually prepared by 
relatively large core NC and thick shell capping, and thus this inevitably results in 
large size of the QDs. Here, the alloying strategy and “optical bowing” effect 
compromise this conflict. Without increasing the size, the highly NIR emissive 
alloyed QDs are readily obtained at appropriate abundance of low bandgap 
semiconductor (Fig. 2.8).[26] Hitherto, the HgxCd1-xTe QDs have been successfully 
prepared with decent PL quantum yield (60-80%) in NIR spectrum (700-1150 nm) 





Figure 2.8 (a) Schematic of band gap engineering of QDs by alloying; (b) Plots of the 
absorption onset energy (in eV) as a function of tellurium content in CdSe1-xTex QDs; (c) PL 
emission spectra of CdSe, CdTe, and CdSe0.34Te0.66 QDs at the same particle sizes (ca. 5.0 nm 
with 5-10% inaccuracy).[26] Figure (b) and (c) were reprinted with permission from reference 
26. Copyright 2003 American Chemical Society.  
 
Several strategies have been applied to introduce the alloy in QDs. Zhong et al. 
developed a method to prepare ZnxCd1-xSe QDs by annealing the pre-formed 
CdSe/ZnSe core/shell QDs at the temperature above “alloy point”.[27] The rapid 
formation of alloyed QDs in this system is probably due to the significantly enhanced 
cation diffusion and reduced melting point in the nano-sized material. Although this 
method has been expanded to synthesize ZnxCd1-xS QDs,[30] it is restricted to prepare 
the cation-alloyed QDs because of the much larger diffusion coefficient of cation in 
ionic crystal. Alternatively, cation exchange reaction has also been employed to 





during the synthesis has been introduced by Bailey et al.[26] Owing to the different 
reactivity of elemental tellurium and selenium to the cadmium precursor, the 
homogeneous or gradient alloyed CdSexTe1-x QDs are obtained by simply adjusting 
the ratio of precursors. 
2.1.2.4 Optical properties of doped-QDs 
Although the quantum yield of QD band edge PL is high, the small Stokes’ shift 
(large absorption-emission spectral overlap) reduces the apparent brightness. This 
effect is exacerbated when concentrated QDs are utilized (Fig. 2.9) and thus 
applications in QD-based lasing, bar-coding and light emitting diode (LED) are 
restricted. Another problem is the temperature dependence of band edge emission of 
typical QDs resulting from the intense exciton-phonon interaction in lattice (Fig. 2.9).     
 
Figure 2.9 Re-absorption of Mn-doped ZnSe (a) and undoped CdSe (b) NCs. The numbers in 
plots indicate the emission beam path. Due to the large Stokes’ shift, doped QDs exhibit 
inappreciable re-absorption. (c) Temperature dependence of PL emission from undoped and 
doped ZnSe NCs. [31] Reprinted with permission from reference 31. Copyright 2005 American 
Chemical Society. 
 
To conquer these problems, the QDs with deliberate doping by transition metal ion 
are developed.[32-34] The electronic structure of NC is modified as the dopants 
introduce new bands with lower energy level to the host NCs. A proposed mechanism 
for radiative relaxation process of manganese-doped CdS/ZnS core/shell NCs is 
(b) (a) (c) 
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illustrated in Fig. 2.10. The energy of photo-generated excitons inside CdS core is 
first transferred to the bound exciton adjacent to a Mn2+ at ground state (6A1 level) via 
a Förster resonance energy transfer (FRET)-like process and subsequently the energy 
is transferred from the bound exciton to Mn2+ center.[35] The radiative relaxation of 
Mn2+ from excited state (4T1 level) to ground state (6A1 level) generates the 
luminescence.  
 
Figure 2.10 Proposed two-step energy transfer mechanism for the PL emission in Mn-doped 
CdS/ZnS core/shell NC: The energy transfer from an exciton inside CdS core to a bound 
exciton around a Mn center, which follows the Förster mechanism, and the energy transfer 
from the bound exciton to the Mn center.[35] Reprinted with permission from reference 35. 
Copyright 2009 WILEY-VCH Verlag GmbH & Co. KGaA. 
 
According to the chemical and band structure as well as the overall radiative 
relaxation pathway, several criteria are raised to ensure a high dopant-PL quantum 
yield. First, the number of dopants per host NC should be sufficient as dopant-PL 
quantum yield is proportional to the dopant population.[36, 37] Second, the spatial 
position of the dopants is critical.[31, 35, 36] They should not accumulate inside the core 
or at the interface of core-shell. This is most likely because that the interaction of Mn-
Mn confined in a small core is intensified and thus enhance nonradiative relaxation of 
excited Mn2+(4T1). Additionally, dopants may feel large local strain inside core, which 
further reduces the dopant-PL quantum yield. On the other hand, the dopants should 
not appear at the NC surface as the chemical status of transition metal ion is likely to 
24 
 
be influenced by air and thus damages the dopant-based optical properties. The 
quantum yield of doped NCs fulfilled with these criteria is obtainable as high as 50-
60%, comparable with the benchmark of undoped QDs,[35, 37, 38] while it is air- and 
thermal- stable,[37] indeed surpassing the undoped counterpart. 
Unlike the sensitivity of emission wavelength to the size of undoped QDs, that of 
doped NCs largely depends on the state of dopants,[39] including relative band levels 
between dopant and host and the local strain field, which is determined by the 
chemical composition of dopant[40] and host,[39] the position of dopants inside host 
NC,[41] as well as the nature of surface ligands.[42] Up to now, the PL emission 
window of doped NCs has been covered the entire visible and partial NIR 
spectrum.[39] Considering the cadmium-free host NCs, the highly luminescent doped 
NCs are a promising alternative to cadmium-based QDs. Nevertheless, due to the 
severe dependence of emission wavelength on the spatial position of dopant inside 
host and the difficulty in precise controlling distribution of dopants inside NC, the 
emission band width of doped NCs (full width at half maximum > 50 nm) is 
commonly larger than that of undoped QDs (FWHM = 25~35 nm). Thus, with respect 
of the higher emission color purity (narrower band width), it is still a great challenge 
to doped NCs. 
 
2.1.3 Shape-dependent optical properties of QDs 
As mentioned in Section 2.1.1, the electronic structure of QDs is essentially 
influenced by the physical size. The wave function of electron and hole of dot-shaped 
semiconductor NCs is confined in all 3 dimensions. One can imagine that, if one (or 
two) dimension of the NC is much larger than the exciton Bohr radius, the scenario of 
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confinement is changed and thus the NC electronic structure is modified (Fig. 2.11). 
Therefore, the shape impacts the QD optical properties as well. 
 
Figure 2.11 Plots of ΔEg (the increase in the bandgap over the bulk value) vs. d (the thickness 
or diameter) for quantum wells, quantum wires, quantum rods and quantum dots obtained 
from particle-in-a-box approximations.[43] Reprinted with permission from reference 43. 
Copyright 2003 Macmillan Publishers Ltd. 
 
In analogy to the bulk counterpart, the wave function of exciton in nanorod (or 
nanowire) is restricted in two dimensions[44, 45] while that in nanoplatelet (or 
nanosheet) is confined in one dimension.[46, 47] The special geometry thus confers one- 
and two- dimensional semiconductor nanomaterials unique optical properties. Here, 
the nanorod (NR) and nanoplatelet (NPL) are taken as examples. In addition to the 
superb optical properties accompanying QDs, such as widely absorption and tunable 
PL emission wavelength, bright PL emission, narrow symmetric emission line profile 
and photostability (core/shell structure), QNRs have larger absorption cross 
section,[48] length-dependent Stokes’ shift,[49] faster radiative decay[50] and larger 
physical dimension. Furthermore, due to the two-dimensional confinement, QNRs 
exhibit linear polarized emission, which is in contrast to QDs.[49] These characteristics 
make QNRs a better fluorescent probe in the bio-applications, such as fluorescence-
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based bioimaging and single particle labeling etc.[51, 52] Recently, Chauhan et al. 
disclosed that the QNRs penetrate tumors more efficiently than QDs and thus enhance 
the transportation and distribution of such fluorescent probe into tumors in vivo.[53] 
This study emphasizes the impact of shape of fluorescent nanoparticles on cell 
penetration, which may be overlooked in previous researches, and implies that QNRs 
are more suitable for in vivo fluorescence imaging and drug delivery.  
Due to the extremely small thickness (a few monolayers of the composition) and 
micrometer sized lateral dimension, semiconductor nanoplatelets have the electronic 
structure similar to the two-dimensional quantum well. These nano-scale two-
dimensional semiconductor material exhibits thickness-dependent absorption and PL 
emission, extraordinarily narrow emission band width at room temperature and fast 
radiative decay rate, which make it highly promising in fabrication of LED and other 
optoelectronic devices.[54] Depending on the successful overgrowth of potential 
barrier layer of CdS or CdZnS[55, 56], the exploiting of core/shell QNPLs in biological 
investigations is also encouraging. 
 
2.2 Synthesis of QDs via wet chemical route 
In the early 1980s, theories predicted the size-dependent band gap of semiconductor 
with shrinking dimension.[1, 57, 58] In this period, small sized semiconductor was 
prepared by arrested precipitation, in the solid matrix or reverse micelle and the size 
of crystals was quite heterogeneous. The quantum confinement effect could not be 
quantitatively measured. In 1993, Bawendi’s group published the seminal work 
regarding the synthesis of monodisperse colloidal CdSe NCs and the size-dependent 
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band gap absorption was clearly revealed.[3] Such wet-chemical-based large-scale 
synthesis of monodisperse QDs make the quantitative study on QD properties and 
fabrication of QD-based devices practicable. In this section, the synthetic routes of 
QDs based on wet chemistry will be introduced. 
 
2.2.1 Synthesis of QDs in organic solvent 
2.2.1.1 General concept of formation of monodisperse colloidal NCs 
The formation of monodisperse colloidal NCs can be interpreted in three stages by the 
LaMer’s plot (Fig. 2.12): accumulation of stable “monomer” (stage I), burst of 
nucleation (stage II) and crystal growth (stage III).[59] In the first stage, the population 
of stable monomer, the unit to compose large crystal, continuously increases in 
solution. However, the energy barrier for homogeneous nucleation (in the absence of 
preformed nuclei in solution) is so high that no nucleation event occurs, even though 
it is under supersaturated condition at this stage. In the second stage, further accretion 
of monomer above the supersaturation critical point induces the homogeneous 
nucleation in solution. The nucleation consumes monomers and therefore the rates of 
nucleation and monomer supply are reversely proportional to each other. The burst of 
nucleation rapidly reduces the concentration of monomer in solution and nucleation 
ceases when supersaturation below the critical value. The growth of as-formed nuclei 




Figure 2.12 LaMer plot: Change of degree of supersaturation as a function of time.[60] 
Reprinted with permission from reference 60. Copyright 2007 WILEY-VCH Verlag GmbH & 
Co. KGaA. 
 
It is known that, to form monodisperse NCs, single nucleation event is the 
prerequisite as the nucleation at the growth stage generates nuclei and crystals with 
heterogeneous size, which have different growth rate at the same condition and 
consequently induces polydisperse size distribution of the NCs. Therefore, the 
separation of nucleation and growth is pivotal to obtain monodisperse NCs. And the 
controlled nucleation and growth process are also required. 
2.2.1.1 Synthesis of QDs in coordinating solvent 
In their seminal work, Murray et al. prepared monodisperse CdSe NCs via pyrolysis 
of the premixed organometallic precursors injected into hot coordinating solvent.[3] 
This pioneering work is featured by a number of characteristics: (1) Swift injection of 
precursor into the hot solvent instantly generates vast monomers beyond the 
supersaturation critical point and thus induces the nucleation; (2) The reaction 
solution temperature immediately declines and facilitates the growth of NCs while 
suppressing further nucleation; (3) Tri-n-octylphosphine oxide (TOPO) and Tri-n-
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octylphosphine (TOP) provide appropriate surface binding to the NCs: sufficiently 
tight to protect NCs from aggregation or fusion while loose enough to allow 
additional monomers incorporate. This synthetic process indeed reflects the last two 
stages in LaMer plot. Due to the good processability and high quality of the obtained 
NCs, this “hot-injection” method has become a standard route to synthesize 
nanoparticles in various types. 
Alivisatos’ group, later on, found that Ostwald ripening-induced polydistrbution of 
the NC size during the extended growth period could be overcome by a “focusing” 
technique, which is implemented by adding extra precursor to the reaction solution.[61] 
The mechanism is briefly described here, which is essentially based on Sugimoto’s 
work.[62] As shown in Fig. 2.13, in the diffusion-controlled growth stage, the growth 
rate (𝑑𝑅
𝑑𝑡
) of NC is largely related to the ratio of (R/Rc) (Rc is the critical radius of the 
NC, at which the chemical potential of NC equals to that of the monomer and thus 
they are in equilibrium). When the R is smaller than 2Rc, the smaller NCs grow more 
slowly or even re-dissolve to the solution, while the larger NCs grow faster. As a 
result, the size distribution is broadened. When the R is slightly larger than 2Rc, the 
smaller NCs grow faster while larger NCs grow more slowly. Consequently, the size 
distribution is focused. The addition of extra precursor during the extended growth 
stage continuously supplies the monomer, shifts the equilibrium to the crystal growth 
and renders the size of NCs larger than the critical value. This circle proceeds all the 
way till the break of extra monomer supply. Hence, the large sized NCs with decent 




Figure 2.13 The growth rate of nanocrystal as a function of size in diffusion-controlled 
growth mode.[62] Reprinted with permission from reference 62. Copyright 1987 Elsevier. 
 
The initially used coordinating solvent, technical grade TOPO, is commonly doped by 
alkyl phosphonic and phosphinic acids, which was found greatly influencing on the 
nucleation and growth of NCs due to the selective binding on NC facets and 
modification on precursor conversion rate.[63-65] These findings have far-reaching 
impact on the synthetic chemistry of NCs with high monodispersity and controlled 
morphology. The mechanism is succinctly depicted below. 
It can be derived from the Gibbs-Thompson equation (Eq 2.4) 
𝑆𝑟 = 𝑆𝑏𝑒𝑥𝑝 �2𝜎𝑉𝑚𝑟𝑅𝑇 �          (2.4) 
where Sr is the solubility of a crystal with a radius r, Sb is the solubility of the bulk 
crystal with an infinite size, σ is the specific surface energy, and Vm is the molar 
volume of the material. 
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The chemical potential of crystals with finite size (µr) is: 
𝜇𝑟 = 𝜇𝑏 + 2𝜎𝑉𝑚𝑅𝑇 ∙ 1𝑟          (2.5) 
For a spherical crystal, the number of surface atom can be estimated from the value of 
the ratio between surface area and volume. 
𝛿 = 𝑘14𝜋𝑟2
𝑘24𝜋𝑟3 3⁄
= 𝑘3 1𝑟          (2.6) 
where k1, k2 and k3 are proportional rate. 
According to Eq 2.5 and 2.6, it can be seen that the chemical potential of a crystal 
with finite size is proportional to the surface atom ratio. 
𝜇𝑟 ∝ 𝛿          (2.7) 
In a synthetic reaction of NCs, an equilibrium exists between monomer and crystal, 
which is determined by the respective chemical potential of monomer (µm) and crystal 
(µr). If µm > µr, the NCs grow; and if µm < µr, the NCs re-dissolve in solution. 
According to Eq 2.7, we can first estimate the chemical potential of desired NCs in 
terms of size and shape. And then the necessary chemical potential of monomer in 
terms of concentration and activity, which are essentially governed by the precursor 
conversion and the interplay between precursor salt and ligand, can be qualitatively 
decided initially and optimized via a series of experiments. Besides, the ligands have 
different affinity to the various facets of NCs. The facet with tight ligand capping 
grows faster while that with loose capping grows more slowly. The difference of 
growth rate of facets results in the polytypism of NCs. 
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2.2.1.2 Synthesis of QDs in non-coordinating solvent 
One cannot clearly identify the function of additional ligands on the formation of QDs 
synthesized in coordinating solvent due to the complex interaction between TOPO, 
metal salt and NCs. The synthesis in non-coordinating solvent was thus devised.[66] 
This system allows the recognition of the functions of various ligands in the synthesis 
and more rational design of nanostructure is feasible. 
In addition, the clearer solvent background makes novel synthetic route viable. Yang 
et al. synthesized highly monodisperse CdSe and CdTe NCs without precursor 
injection (Fig. 2.14).[67] Such “heating-up” method is impracticable for coordinating 
solvent system due to the interaction between solvent and precursor. The extended 
heating duration probably causes the loss of control on nucleation and growth.  
 
Figure 2.14 (a) Absorption (black) and PL (gray) spectra of monodisperse CdSe nanocrystals 
of various sizes. TEM images of CdSe nanocrystals with a diameter of (b) 6.2 nm, (c) 4.5 nm, 
and (d) 3.0 nm. The relative standard deviations of these sizes are ca. 5%, and the 
corresponding optical spectra are indicated by dashed arrows.[68] Reprinted with permission 









The conventional overgrowth of the shell material on core NCs relies on the thermal 
decomposition of organometallic precursor in coordinating solvent.[13] The complex 
environment does not produce monodisperse core/shell NCs and restricts the variety 
of usable shell material owing to the unavailability of precursor and inappropriate 
reactivity. Non-coordinating solvent system enables the on-demand preparation of the 
precursor with desired ligands and shelling via successive ion layer adsorption and 
reaction (SILAR) in colloidal phase, which has been expanded to many other NC 
syntheses.[69] 
 
2.2.2 Synthesis of QDs in aqueous phase 
As an important alternative to the organic solvent based synthesis, the preparation of 
QDs stabilized by short-chain thiols in aqueous phase was introduced in 1993[70], 
followed by extensive development[71-73]. Up till now, the aqueous synthesis of QDs 
with various II-VI and IV-VI chemical composition has been well established, such as 
CdS,[74, 75] CdSe,[76] CdTe,[77] ZnSe,[78] ZnTe,[79] PbS,[80] ZnCdSe,[78] and CdHgTe,[81] 
etc (Fig. 2.15). Comparing with the organometallic approach, the aqueous one has 
several advantages: (1) water or aqueous buffer is employed as the solvent, which is 
cost-effective and environmentally benign; (2) reaction is able to be open to ambient 
air and not fastidious in temperature control and thus is readily to scale up; (3) 
inherent water solubility and biocompatibility facilitate surface modification of the 
QDs via physical route (electrostatic attraction) or various chemical conjugation 





Figure 2.15 (a) PL spectra of various QDs prepared in aqueous phase with emission spanning 
from UV-vis to NIR wavelength and (b) the typical thiol ligands used in the aqueous synthesis 
of QDs.[82] Reprinted with permission from reference 82. Copyright 2011 Elsevier.  
 
As a representative, the aqueous synthesis of CdTe NCs has been greatly investigated 





a standard synthesis, three main steps are involved: (1) Mixing metal salt and desired 
thiols in aqueous solvent to form metal-thiol complex, followed by pH tuning; (2) 
Addition of chalcogen precursor to the as-prepared metal-thiol solution in air-free 
environment to lead to the formation of metal-chalcogenide monomer; (3) Raising 
temperature and subsequent reflux promote the nucleation and growth of NCs. 
Nevertheless, this methodology is complicated by the stringent requirement on 
preparation of chalcogen precursor and air-free process, as will be discussed in 
Chapter 3. 
 
2.3 Surface engineering of quantum dots for biomedical 
applications 
Owing to the high quantum yield, large absorption cross-section, broad absorption, 
narrow PL emission covering UV to NIR and high chemical- and photo-stability, QDs 
attract tremendous interests in the utilizations in biological study.[83, 84] The QDs 
synthesized in organic solvents, capped by hydrophobic ligands including TOPO, 
TOP, alkyl-amines and alkyl-carboxylic acids, are intrinsically insoluble in aqueous 
solution. Hence, post-synthetic process is required to render them water-soluble and 
subsequently compatible with biological media. Besides, for the utilizations of QDs in 
labelling, imaging and sensing biological system, they are required to be capturable 
and recognizable by the target. The surface functionalization with desired molecules 
is thus necessitated for QDs. In this section, the solubilisation of oleophilic QDs and 




2.3.1 Phase transfer of oleophilic QDs 
The strategies for phase transfer of oleophilic QDs can be mainly classified into two 
categoties: ligand exchange and encapsulation (Fig. 2.16). To achieve the ligand cap 
exchange (route a, Fig. 2.16), the oleophilic QDs stabilized by hydrophobic ligands 
are mixed with bifunctional ligands, such as mercaptocarboxylic acid. Due to the high 
affinity of the thiol group to metal sites on the QD surface, incoming ligands replace 
the original ligands, attach QD surface via thiol-metal linkage and the ionic moieties 
(typically, carboxylic acid) at the other end confer QDs with water-solubility. A 
variety of small molecules, polyethylene glycol (PEG) derivatives and dendrons 
containing strong functional group to the metal surface of QDs have been applied in 
the ligand exchange and phase transfer.[85] Due to the dynamic binding of thiol to the 
surface, QDs capped by the molecules with monodentate anchoring point are likely to 
destabilize due to loss of ligands.[86] Mattoussi and coworkers developed a series of 
short-chain PEG backbone-based bifunctional ligands, in which the anchoring group 
varying from DHLA, polyhistidine to multi-thiols, to significantly enhance the 
colloidal stability of QDs via multidentate binding.[87, 88] This method is featured by 
its simplicity of implementation. However, two problems have been embedded since 
its birth. The first is the incomplete replacement of original hydrophobic ligands, 
resulting in the trapping of QDs at the phase boundary in a biphasic reaction or poor 
water-solubility when the transferred QDs are redispersed in aqueous buffer. The 
second is the drastic reduction of PL quantum yield upon transfer. In many cases, PL 
quantum yield of QDs declines by 40-60% via mercaptocarboxylic acids assisted 




Figure 2.16 Three ways for surface modification of oleophilic QDs to render them water 
soluble: (a) cap exchange with bifunctional ligands, (b) encapsulation by amphiphilic 
polymer, and (c) silanization of the shell.[83] Reprinted with permission from reference 83. 
Copyright 2005 Macmillan Publishers Ltd.  
 
The phase transfer of oleophilic QDs via block copolymer or phosphor lipids 
encapsulation (route b, Fig. 2.16) takes advantage of the intrinsic behaviour of 
bifunctional amphiphilic molecules presenting in an environment consisted of two 
immiscible phases. To minimize the overall energy, hydrophobic and hydrophilic 
fragments in the molecule are prone to assemble at the interface between two phases. 
Upon mixing with oleophilic QDs, the hydrophobic parts of amphiphilic molecules 
preferentially intercalate with the original surface ligands, while the hydrophilic parts 
outwardly extending render the QDs soluble in aqueous solution.[89, 90] The inherent 
surface status of QDs is unchanged via the encapsulation and thus the original optical 
properties are essentially preserved.[91] However, the hydrodynamic size of 
encapsulated QDs considerably increases[92], which may sacrifice the capability of 
penetrating cell membrane and other biological barriers.  
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Another important shell material for encapsulation is silica (route c, Fig. 2.16).[93-95] 
Encasing QDs in silica shell is achieved by first priming with mercaptosilane and then 
cross-linking the silanol group. Water-solubility and further functionalization of 
silica-capped QDs can be realized by sophisticated silane coupling chemistry. For 
example, to make QD/silica NPs soluble in aqueous buffer and negatively charged, 
trihydroxysilylpropyl methylphosphonate salt is added to couple with the silica 
shell.[95] 
 
2.3.2 Immobilization of biomolecules on QDs 
Surface modification by biomoleculesim imparts QDs bio-reactivity. The most mature 
techniques include metal-affinity driven attachment and covalent bonding. The former 
exploits the natural affinity of the moieties to the metal site of QD surface. For 
example, polyhistindine strongly chelates to the transitional metal ions, such as Cu2+, 
Ni2+ and Zn2+, via multiple carboxylic groups. Hence, this allows the straightforward 
immobilization of proteins and peptides on ZnS-shelled QDs since a variety of 
proteins contain polyhistidine moiety or the polyhistidine is easily to be tagged in 
proteins and peptides.[96, 97] The very small dissociation constant between 
polyhistidine and metal ions facilitates the rapid binding and secures the stability.[98] 
Another parallel example is the immobilization of Ni2+ and nitrilotriacetic acid tagged 
biomolecules on polyhistidine modified QDs via polyhistidine-Ni2+ chelation.[99] 
For the covalently immobilization, one of the most well-known method is the 
coupling reaction between carboxylic acid and primary amine with the assistance of 
1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) or the 
combination of EDC and n-hydroxysulfosuccinimide (Sulfo-NHS).[100] The versatility 
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and simplicity makes EDC-NHS chemistry well accepted for the coupling reaction in 
pure environment, while it cannot afford the reactions requiring selective coupling 
point. Other types of covalent chemistry with higher selectivity have also been 
employed in the QD-biomolecule conjugation, such as cycloaddition reaction, 
Staudinger ligation, hydrazone and oxime ligation, and so forth.[101] They are more 
suitable with the purpose of bioorthogonality. However, they are flawed by the 
complicated procedures, which may induce particle aggregation and damage the 
optical properties. 
  
2.4 QD-based energy transfer system 
As an optically active material, QDs are widely employed in optical energy transfer 
process, which is useful for monitoring bio-reaction, change of molecule morphology 
and molecular sensing etc.[102-104] In this section, the QD-based Förster resonance 
energy transfer (FRET), nano-surface energy transfer (NSET), and bioluminescence 
resonance energy transfer (BRET) will be introduced. 
FRET occurs between an acceptor fluorophore in the ground state in adjacent of a 
donor in the excited state via long-range dipole–dipole interaction (Fig. 2.17). The 
donor is required to have higher energy of the luminescence and the emission 
spectrum overlaps, to some extent, with the absorption spectrum of acceptor. The 
degree of energy transfer is determined by several factors: the extent of spectral 
overlap, the PL quantum yield of donor, the relative orientation of transition dipoles 
of donor and acceptor, and the separation distance between donor and acceptor. The 
sensitivity of FRET efficiency to the distance enables precise measurement of 
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separation between two molecules.[105] According to this mechanism, various QD-
based assemblies have been designed to detect small molecules,[96] biomolecule 
activity,[97] explosive precursor,[106] and so forth.    
 
Figure 2.17 Left, Jablonski diagram of FRET process; Right, schematic of FRET and the 
spectral profile of donor and acceptor.[107] Reprinted with permission from reference 107. 
Copyright 2006 WILEY-VCH Verlag GmbH & Co. KGaA. 
 
Traditional FRET is effective during the range between 20 to 100 Å. At larger 
separation distance, one has to place much more acceptor molecules neighboring the 
acceptor to induce distinguishable FERT phenomenon. However, this may be 
impracticable for the case of QDs due to the exceptionally small size of such particles. 
In FRET, the energy transfer is dominated by the dipole-dipole interaction and the 
transfer efficiency follows a rate of (1/R6) of the distance. Unlike it, in NSET, the 
interaction of dipole-surface governs the energy transfer due to the presence of metal 
NP (the metal surface) and thus it shows a weaker dependence on separation distance 
as (1/R4), which significantly broadens applicable range of FRET.[108, 109] Recently, Li 
et al. reported the dependence of energy transfer between QDs and AuNPs on the size 
of the latter.[110] It is interesting to note that small AuNPs induce energy transfer in 
NSET mode while relatively large particles induce that in FRET mode. This empirical 
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rule may be helpful in selecting nanoparticles when designing energy transfer based 
sensor. 
BRET was initially discovered in biological system[111], which describes the energy 
transfer from a donor biomolecule to an acceptor. BRET resembles FRET in 
numerous aspects, such as requirement on spectral overlap and dependence on 
separation distance. However, the donor molecule in BRET exhibits chemo-
luminescence upon triggering reaction (e.g. luciferase). The energy transfer between 
such donor molecule and QD (acceptor) thus does not require external photo-
excitation. The uniqueness in this system (e.g. luciferase-QD conjugate) avoids the 
interference of autofluorescence in bio-imaging studies when applying external light 
excitation.[112] Additionally, the conjugation with different QD acceptor enables 
multiplex detection and imaging by taking advantage of the widely tunable emission 
window of QDs.[113] Hence, the QD-based BRET is exactly suitable for in vivo 
imaging, such as lymph-node mapping and cancer cell tracking.[114] 
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Chapter 3 Synthesis of widely tunable 
photoluminescence emission CdTe/CdS core/shell 
quantum dots under a totally ambient atmosphere 
 
3.1 Introduction 
Colloidal semiconductor nanocrystals (NCs), also known as quantum dots (QDs), are 
of enormous interest in fundamental science and technical applications due to the 
remarkable size-dependent electronic, optical properties, and variable chemical 
processability.[1-3] Synthesis of high-quality QDs holds a critical impact on various 
aspects in contemporary nanoscience and nanotechnology. The pioneering 
introduction of aqueous synthesis of QDs via utilizing short-chain thiols as stabilizer 
by Nozik et al[4] and further development of this method by other groups[5] provides 
an important alternative to the conventional organic solvent based synthesis.[6-8] 
Hitherto, a number of QDs with different chemical composition, such as CdTe,[9] 
CdSe,[10] CdS,[11] CdHgTe,[12] and ZnTe,[13] have been successfully synthesized in 
aqueous phase. Among these, great contributions have been made on the 
improvement of aqueous synthesis of CdTe QDs in terms of processability and optical 
properties.  
Typically, the synthesis of CdTe QDs in aqueous phase involves two steps: 
preparation of Te precursor and growth of CdTe QDs with/without protection of inert 
gas. Al2Te3 and Te powder are usually employed as the starting materials for the 
preparation of Te precursor via chemical decomposition (Eq. 3.1),[14] electrochemical 
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reduction (Eq. 3.2),[14] or chemical reduction (Eq. 3.3).[15] Inconvenience is caused by 
the limited availability of source (Al2Te3) and rigorous exclusion of air due to the 
extreme sensitivity of low-valence Te species (HTe- or Te2-) to oxygen.[16-18] 
Furthermore, the strict requirement on the air-free process significantly influences the 
reproducibility of high-quality CdTe QDs. 
𝐴𝑙2𝑇𝑒3 + 3𝐻2𝑆𝑂4 → 3𝐻2𝑇𝑒 ↑ + 𝐴𝑙2(𝑆𝑂4)3                               (3.1) 
𝑇𝑒 + 2𝐻+ + 2𝑒− → 𝐻2𝑇𝑒 ↑                                                         (3.2) 
2𝑇𝑒 + 4𝑁𝑎𝐵𝐻4 + 7𝐻2𝑂 → 2𝑁𝑎𝐻𝑇𝑒 + 𝑁𝑎2𝐵4𝑂7 +  14𝐻2 ↑     (3.3) 
Core/shell QDs (c/s QDs) with type-II band alignment are of increasing interest in the 
past few years due to their spatial separation characteristics of charge carriers[19-21] 
and widely tunable photoluminescence (PL) window.[22] Semiconductor materials 
with intrinsic type-II band alignment, such as CdTe/CdSe,[19] CdSe/ZnTe,[19] 
CdS/ZnSe,[20] ZnTe/ZnSe,[23] etc, have been employed to build such c/s structure, in 
which one carrier is localized in the core while the other is confined in the shell. To 
precisely control the shell thickness in terms of the number of monolayer, the 
synthesis usually follows the conventional step-wise hot-injection method.[24, 25] 
Recently, Nonoguchi et al. reported a study on tuning band offsets of CdS/CdTe c/s 
QDs prepared in organic phase, which is a combination with similar conduction band 
level and distinct offset in valence band level.[26] In another study, Smith et al. 
demonstrated that the band alignment of c/s QDs can be deliberately manipulated by 
control the size of core and shell to achieve near-infrared (NIR) PL emission 
(700~1000nm), a see-through window for bioimaging application, which is unfeasible 
for single-component QDs.[22]  
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Few investigations, however, have documented the synthesis of core/shell QDs in 
aqueous phase under ambient condition and with tunable emission extending to near-
infrared spectrum. Table 3.1 summarizes the recent reported works in this area.[27-30] 
Inert gas protection was indispensible in these synthetic routes due to the use of air-
sensitive precursors, such as NaHTe[27-30] and Na2S.[27, 28] The tunable PL emission 
window was typically narrow.[27, 28] Recently, Zhang and co-workers reported a 
simple “hydrazine-promoted strategy” to prepare water-soluble CdTe QDs without 
inert-gas protection and heating.[31] Nevertheless, due to the intrinsic plain core 
structure, the PL emission window is limited to 530-620nm and PL quantum yield 
(PLQY) is constrained to 3-18%.  
Table 3.1 Recent achievement in synthesis of core/shell quantum dots in aqueous phase 
 Zeng et al[27] He et al[28] Yan et al[29] Deng et al[30] 
Synthetic 
technique 
1. Aqueous phase 
2. Require pre-preparation 
of precursors  
3. Require nitrogen/argon 
protection 
4. Heating plate 
1. Aqueous phase  
2. Require pre-preparation 
of precursors 
3. Require nitrogen/argon 
protection 
4. Require microwave 
irradiation  
1. Aqueous phase 
2. Require pre-preparation 
of precursors  
3. Require nitrogen/argon 
protection 
4. Aerosol flowing system 
1. Aqueous phase 
2. Require pre-preparation 
of precursors  
3. Require nitrogen/argon 
protection 
4. Heating plate 
Chemical 
structure 







1. PL emission window 
(510-620nm) 
2. PL quantum yield (8%-
40%) 
1. PL emission window 
(530-615nm) 
2. PL quantum yield 
(40%-80%) 
1. PL emission window 
(520-590nm) 
2. PL quantum yield not 
clearly characterized 
1. PL emission window 
(530-820nm) 
2. PL quantum yield not 
clearly characterized 
 
Herein, we reported another aqueous synthetic route of CdTe/CdS c/s QDs with NIR-
emission without inert gas protection throughout the experiment. The obtained 
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core/shell QDs were highly luminescent with a widely tunable PL emission window 
of 535nm-815nm. The PLQY of the corresponding QDs was typically at 40% or 
higher in red and near-infrared regime (600-815nm) without any post-synthesis 
treatment. Based on the systematic studies on the structure and optical properties, we 
witnessed the transition of band alignment from type-I to type-II in our aqueous phase 
synthesized c/s QDs with localized holes in CdTe core and electrons in CdS shell. 
This electronic alignment transition correlated well with the wide PL emission 
window and the evolution of PLQY upon the coherent overgrowth of CdS shell. The 
synthesis of such c/s QDs with widely tunable PL emission wavelength with under 
fully ambient air condition can facilitate the large-scale fabrication of high-quality 




Cadmium chloride (CdCl2, ≥ 99.99%), sodium tellurite (Na2TeO3, -100 mesh, 99%), 
mercaptosuccinic acid (MSA, 97%), sodium borohydride (≥ 99%), sodium hydroxide 
(1M) and Fluorescein (standard, free acid) were purchased from Sigma-Aldrich and 
used without further purification. Nanopure water (resistivity up to 18.2 MΩ▪cm) was 





The synthesis of CdTe nanocrystals (NCs) in aqueous phase was well-documented in 
the literature. In present study, CdTe NCs were synthesized at room temperature 
under ambient condition. Specifically, CdCl2 (45.83 mg) and MSA (63.75 mg) were 
dissolved in nanopure water and well-mixed under gentle stirring. Na2TeO3 (2.22 mg) 
was added to this solution after formation of Cd-thiolates, followed by addition of 
NaOH (1 M) 30min later to tune the pH up to 12.3 ~ 12.4. After another 30min, 
NaBH4 (11.35 mg, dissolved in 5mL ice-cold water) was injected into reaction 
solution under vigorous stirring. Total volume of reaction solution was 50.1 mL. The 
molar ratio of Cd/S/Te was fixed at 1:1.7:0.04. The high ratio of Cd/Te facilitated the 
growth of CdTe clusters while restricted the as-formed clusters in a very small size.[30, 
34] Then the solution was under stirring for 18 hours to form the CdTe clusters with 
the first absorption peak at 463 nm and PL emission peak at 498 nm. These clusters 
were purified by adding methanol and centrifuged at 15000 rpm for 20 min. 
The CdTe/CdS core/shell NCs with varied shell thickness were obtained by simply 
refluxing reaction solution without prior purification. Specifically, the solution was 
heated to boiling point and kept for varying periods. Dependent upon the reflux 
interval, the PL emission peak of NCs shifted to longer wavelength and NCs with 
near-infrared PL emission peak (815 nm) were collected after 19 hours refluxing. 
 
3.2.3 Characterizations of QDs 
UV-visible absorption spectra were taken on a Varian Cary 50Bio spectrophotometer. 
PL spectra were recorded at room temperature on a Perkin-Elmer LSS55 
52 
 
spectrofluorometer equipped with a red-sensitive PMT (200-900 nm). All PL spectra 
were measured at the optical densities between 0.004 and 0.017 at the excitation 
wavelength. Small optical density can shield the influence of self-absorption and 
different light penetration depths on PL spectrum. Powder X-ray diffraction spectra 
were taken on a Shimadzu diffractometer (XRD-6000) with Cu Kα radiation 
(λ=1.54056 Å) and scanning rate at 2 deg/min. Chem ical composition analysis was 
performed with X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD 
spectrometer equipped with a Al Kα monochromatized X-ray source). High-
resolution transmission electron microscopy (JEOL JEM 2100F) was employed to 
study the structure and morphology of NCs with an operating voltage at 200 kV. TEM 
sample was prepared by dropping 10 µL NCs solution on copper grid and drying in 
vacuum. Energy-dispersive X-ray spectra (EDX) were acquired on JEOL JSM-6700F 
operating at 15 kV.  
 
3.2.4 Photoluminescence Quantum Yield Measurement 
Photoluminescence quantum yield (PLQY) of CdTe NCs and CdTe/CdS NCs were 
measured by using Fluorescein as the reference. The PLQY of fluorescein as 0.93 (in 
0.1 M Tris pH 8.0, with excitation at 490 nm) was used according to literature.[35] The 
optical density at excitation wavelength (490 nm) of NCs in nanopure water and dye 
in 0.1 M tris buffer (pH 8.0) was tuned to 0.0065. Excitation slit and emission slit 
were adjusted to be 5 nm and 2.5 nm respectively. Integrated intensity of emission 
spectra was calculated and PLQY of NCs was estimated by employing the expression: 
𝛷𝑠 = 𝛷𝑟 × �𝐴𝑟𝐴𝑠� × �𝐼𝑠𝐼𝑟� × �𝑛𝑠𝑛𝑟�2          (3.4) 
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where s and r represents as-synthesized NCs and fluorescein respectively; Φ 
represents quantum yield; A represents absorption at excitation wavelength, which 
was identical for all samples and standard; I stands for integrated area of emission 
spectra; n is refractive index of the solvent used.   
 
3.2.5 Fluorescence Lifetime Measurement 
Fluorescence decay kinetics was measured using the time-correlated single photon 
counting (TCSPC) technique. A modified Olympus FV300 confocal microscopy 
system was used to measure the fluorescence lifetime of the sample. The fresh 
synthesized QDs aqueous solution was contained in coverslip chamber to facilitate the 
measurement under the inverted confocal microscope. A picosecond pulse diode laser 
(LDH-D-C-470, PicoQuant) operating at 467 nm with repetition rate of 10 MHz was 
coupled into the confocal scanning unit and focused on the sample via a 40X/NA 0.9. 
The average excitation power was less than 1 mW to prevent photodamage to the 
samples. The backscattered fluorescence emission signal of the sample was collected 
by a single mode fiber in the backward direction, and detected through a 500 nm long 
pass filter by a single photon avalanche diode. The detected signal from the detector 
was coupled to the TSCPC module (PicoHarp 300, PicoQuant) for time-resolved 
measurement. Fluorescence lifetime images (256 x 256 pixels) were acquired and 
analyzed using the SymPho Time software. The photons that were collected in the 
fluorescence image were used to construct a global histogram to analyze fluorescent 
decay. The fluorescence decay was tail-fitted using a double-exponential decay 
function, giving small residuals and a reduced chi-squared parameter (χ2) approaching 
1. The average lifetime was calculated as an intensity-weighted sum of the two 
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lifetime components, according to Eq. 3.5,  
𝜏𝑎𝑣 = 𝑎1𝜏12+𝑎2𝜏22𝑎1𝜏1+𝑎2𝜏2          (3.5) 
where τ1 and τ2 are the fluorescence decaying constants obtained from data analysis, 
and a1 and a2 are the corresponding pre-exponential factors. 
 
3.3 Results and discussion 
3.3.1 Formation of CdTe core NCs under ambient air atmosphere 
CdTe nanocrystals (NCs) were prepared at room temperature without isolation from 
air. Before addition of reducing agent, the Cd-Te-thiol complex exhibited pale-yellow 
colour, which indicated the formation of CdTe clusters. At the initial stage after 
adding NaBH4, the solution progressively developed into bright-yellow colour. And 
this colour maintained for several tens of hours before refluxing process. UV-vis 
spectra showed that this crude solution evolved to be stable by aging 15 hours at 
ambient condition. The subsequent growth of CdTe NCs, at this condition, was very 
slow. The absorption spectra (Fig 3.1) of the aliquots taken at 15 hours and 18 hours 
time points illustrated that the 1s-1s transition peak of NCs aged for 18 hours shifted 
merely 2 nm to the longer wavelength compared with that of NCs aged for 15 hours. 
It can be inferred that, at ambient condition, the nucleation and growth of CdTe NCs 
via Oswald ripening were almost completed after 15 hours incubation and the CdTe 
NCs were thermodynamically stable. Therefore, we used CdTe NCs aged 18 hours as 
the core for further overgrowth of CdS shell in the subsequent studies. 
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Figure 3.1 UV-vis spectra of crude CdTe aged for 15 and 18 hours respectively. Inset shows a 
zoom-in spectrum to reveal the details of these two spectra. It can be inferred that the 
nucleation and growth of CdTe NCs were almost accomplished through 15 hours incubation. 
 
The CdTe NCs undergoing 18 hours aging showed a distinct band-edge emission at 
492nm with a narrow full-maximum-at-half-width (FMHW) of 35 nm (Fig 3.2). This 
demonstrated the formation of quasi-monodisperse CdTe NCs. The average size of 
these NCs was estimated to be 2.46 nm in diameter by measurement of TEM 
micrographs (Fig 3.3), and this corresponds to magic-size clusters formulated of 
(CdTe)56~200 by taking account of polydispersity. The small stokes shift (~35 nm) 
indicated that the fluorescent emission originated from a shallow state and there was 
no deep-trap emission. The crude CdTe NCs solution exhibited weak green 
fluorescence under illumination of UV light and the quantum yield of CdTe NCs 
without post-synthesis treatment was calculated to be 11.4% using standard 
fluorescein solution as reference. 
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Figure 3.3 HRTEM of CdTe core-only NC. The NCs circled by dash lines show CdTe(111) 
lattice pattern with a typical d-spacing of 3.7Å. Inset shows a fast-Fourier transform pattern 
indexed by CdTe(111) facet. 
 
Powder X-ray diffraction (p-XRD) spectrum substantiated crude NCs were essentially 
composed of CdTe (Fig 3.4, black track). No CdS crystalline phase was observed. At 
this stage, the sulfur was most likely still in thiol or thiolate chemical state. The 
crystallinity of CdTe core-only NCs under such mild reaction condition was poor, and 
only a few CdTe (111) lattice pattern was observed in the high-resolution TEM 
images (Fig 3.3, highlighted). 
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Figure 3.4 XRD spectra of as-synthesized NCs with different reflux interval. The standard 
diffraction patterns of cubic CdTe (red dotted) and cubic CdS (black dotted) are also shown. 
 
It is known that the surface Te atoms are prone to be oxidized under ambient 
condition resulting in effective quenching of fluorescence of CdTe NCs.[36, 37] The 
core material with oxidative surface may also deteriorate the fluorescent property of 
c/s NCs. To evaluate oxidative influence of air on the CdTe NCs, XPS was utilized to 
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identify the chemical state of components of NCs. Taking account of the small size of 
CdTe core-only NCs (< 3 nm) and penetration depth of X-ray in our instrument (≈ 3 
nm), the XPS data represented the chemical state of components of NCs bodies rather 
than surface chemical information. The crude CdTe solutions after 18 hours aging 
were collected and washed by methanol twice. Then the concentrated CdTe solution 
was dropped on cleaned silicon wafer and dried. As illustrated in Fig 3.5 (A-C, upper 
plots), characteristic Cd3d doublet, Te3d doublet and S2p doublet were all revealed. 
Since the chemical-shift of Cd3d peaks were indiscernible in the XPS spectra of 
CdTe, CdO and CdTeO3,[38-40] we did not use this peak shift for identification of 
CdTe. However, the presence of CdTe could be confirmed by the XRD spectrum as 
mentioned above. Additionally, S2p spectra showed a doublet peaking at the 163.1 eV 
and 161.9 eV corresponding to thiolate chemical state.[41] No high-valence state sulfur 
compounds were detected. Nevertheless, in the Te3d spectra, besides a doublet at 
572.1 eV and 582.5 eV signifying low-valence state tellurium (Cd-Te), a second 
doublet was observed centering at 575.6 eV and 586.2 eV, albeit rather weak (Fig 
3.5B, upper plot). This doublet corresponded to oxidized Te species (CdTeO3 or 
TeO2).[38-40, 42] Weak oxidation of Te might occur during the preparation of XPS 
samples, but we could not rule out the possibility that the oxidation took place in the 
reaction solution. Nonetheless, compared with the signal of low-valence state Te, the 
high-valence state Te was rather weak. It was estimated that more than 95% of Te was 
reduced to Te2- from TeO32- by chemical reduction at ambient condition. Therefore, 
air had negligible impact on the formation of CdTe core-only NCs under our 
experimental condition. It was believed that NaBH4 provides a strongly reductive 
atmosphere protecting the formation of Cd-Te monomers, in addition to the in-situ 
reduction of TeO32-.[43] Besides, the strong bonding of -SR to the surface Cd-atoms 
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and excess thiol ligand in reaction solution at this stage might also account for the 
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Figure 3.5 XPS spectra of (A) Cd3d; (B) Te3d; (C) S2p recorded from MSA stabilized CdTe 
core-only NCs (crude NCs) and CdTe/CdS c/s NCs reflux for 19hrs (product NCs). The 
vertical lines in (C) are guiding for positions of S2p3/2 from Cd-SR and Cd-S respectively. The 
positions are 161.9eV (Cd-SR) and 161.0eV (Cd-S). 
 
3.3.2 Epitaxial overgrowth of CdS shell on CdTe NCs under ambient 
air atmosphere 
Epitaxial overgrowth of CdS shell on the CdTe NCs was achieved via the 
decomposition of cadmium-thiolates upon refluxing the crude reaction solution. The 
overgrowth of CdS shell was monitored by optical spectroscopy (temporal UV-vis 
spectra, steady-state PL spectra and time-resolved PL spectra) and chemical-structure 
spectroscopy (temporal XRD spectra and XPS spectra). The large deviation of 
equimolar of Cd-to-Te ratio (1:0.04) generated a Cd-rich surface and covalently 
covered by MSA through Cd-S bond. The in-situ decomposition of Cd-SR layer at the 
surface of CdTe NCs in alkaline solution yielded a solid CdS shell. This inorganic 
shell constructs a potential wall at the surface of CdTe NCs, resulting in a better 
protection of photo-generated charge carriers and higher quantum yield.[41, 45-47] 
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Taking into consideration of the large lattice mismatch (11.3%) of zinc-blende CdTe 
and CdS, achieving a coherent core-shell configuration requires the dimension of core 
NCs (CdTe) to be very small to avoid interfacial relaxation and imperfections.[22, 24, 25, 
48] Furthermore, as indicated by Smith et al,[22] a wide PL window (> 300 nm) can be 
tuned by simply controlling the shell thickness when small NCs are used as core; 
while it was unfeasible for large NCs since lattice-strain induced band-gap tuning 
cannot be effectively achieved by adjusting epitaxy. In present study, we used a very 
small quantity of Te in company with large molar ratio of Cd-to-Te (1:0.04) and 
HSR-to-Te (1.7:0.04) compared with conventional synthetic route.[5, 14, 49-51] This 
formulation allowed the formation of very small CdTe NCs (2.46 nm) confined in the 
thick Cd-SR layer and this Cd-thiolate layer was decomposed to form a CdS shell 
with tunable thickness via controlling reflux time.     
The pH value is a crucial parameter significantly influencing the growth kinetics of 
CdS shell on CdTe NCs and fluorescent property of product NCs.[52-54] A high pH 
reaction solution is necessary to shorten the overgrowth time of NCs.[34] We examined 
several pH conditions for the preparation of CdTe/CdS c/s NCs. Based on the peak 
position of PL emission, an increase in reaction solution pH value accelerated the 
overgrowth rate of CdS shell greatly (Fig 3.6). Meanwhile, the PLQY was weakened, 
which can be rationalized by the low crystallinity as well as a large number of defects 
and surface states generated in the fast overgrowth process.[53] This result is consistent 
with an earlier report,[34] in which 3-mercaptopropionic acid was used as capping 
ligand, and high solution pH was found to drastically shorten the growth time of CdTe 
NCs. With fast overgrowth of shell and maintaining high PLQY being the main 
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purpose of our QD fabrication, we selected the pH value of 12.3~12.4 in our reaction 
solution. 
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Figure 3.6 Reflux time to obtain NIR emission NCs at different reaction solution pH. Noted 
that the PL emission wavelength of NCs prepared in each pH condition are not exactly same. 
For reliable comparison, “NIR emission” is defined as the PL emission wavelength larger 
than 780nm. In actual experiments, the PL emission wavelength of the NCs prepared in five 
pH condition falls in 780-820nm. 
 
3.3.3 Structural and optical characterization 
The epitaxial overgrowth of CdS shell was monitored by both structural and optical 
techniques. XRD combined with TEM provided the most substantial and immediate 
proof of epitaxial overgrowth of CdS crystalline shell. XRD spectra in Fig 3.4 
revealed that, depending on the reflux time of the reaction, CdS crystalline shell 
progressively deposited on the surface of CdTe NCs and adopted the same cubic 
lattice orientation as CdTe. With increasing reflux time, the peak position moved 
towards CdS (200) and (311) values accompanying with the gradually sharpening and 
narrowing of peak shape. By looking at the XRD spectra alone, we cannot exclude the 
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possibility of alloying. Nevertheless, it is known that the alloying of sulfur into CdTe 
lattice induces a blue shift of the absorption onset since CdS has a wider band-gap 
than CdTe.[55, 56] In present study, the absorption onset of NCs exhibited progressive 
red-shift and no blue shift was observed, suggesting that no alloying was formed 
throughout the shell deposition process (Fig 3.7A). Additionally, no sharp absorption 
peak was detected during the window of 300~350 nm (typically, ~323 nm,[57] a 
characteristic absorption of magic-size cluster of CdS), inferring no homogeneous 
nucleation and growth of CdS crystallites (Fig 3.7A). 
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Figure 3.7 UV-vis spectra (A, B), PL spectra (C, D) and calculated PLQY (E) of as-
synthesized NCs at different reflux interval. The arrows in A and C indicate the proceeding of 
reflux. 
 
The assessment of the CdTe core-only NCs and CdTe/CdS c/s by XPS demonstrated 
the overgrowth of CdS shell from the decomposition of Cd-thiolates (Fig 3.5). The 
Cd3d doublet in XPS spectra of initial CdTe core-only NCs was located at 411.5eV 
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and 404.8eV respectively and both exhibited only 0.2 eV blue-shift after the 
overgrowth of CdS shell (Fig 3.5A). This provides us substantial proof of the minimal 
change of chemical environment on the surface. By comparison of Te3d spectra (Fig 
3.5B), we noticed the extinction of a doublet peaking at 575.6 eV and 586.2 eV (high-
valence Te species (Te-O)) and the drastic reduction of absolute intensity of the signal 
arising from low-valence Te species at 572.1 eV and 582.5 eV. These explicitly 
showed that Te content was reduced at the surface layer upon the overgrowth of CdS 
shell. The transition of S2p spectra presented the most concrete evidence of the 
alteration of chemical environment at the surface due to the overgrowth of CdS shell. 
For CdTe core-only NCs, the S2p spectrum (Fig 3.5C, upper plot) fitted well with a 
doublet with S2p1/2 at 163.1 eV and S2p3/2 at 161.9 eV, which are consistent with the 
binding energy of thiolate (-SR)[41] and indicative of the cadmium-thiolate chemical 
bond. After overgrowth of the CdS shell (reflux 19 hr), the fitting of S2p spectrum 
revealed an additional doublet at 162.2 eV for S2p1/2 and 161.0eV for S2p3/2 with 
predominant intensity, while the initial one at 163.1 eV and 161.9 eV declined 
substantially (Fig 3.5C, lower plot). This new doublet at low-field could be attributed 
to the formation of the cadmium sulfide resulting from the decomposition of Cd-
thiolates.[58] The respective integrated intensity of S2p3/2 peak in the state of thiolate 
(Cd-SR) and sulfide (Cd-S) showed an atomic ratio of 1:2.12. Taking into account of 
the increasing S-to-Te atomic ratio and relatively constant Cd-to-S atomic ratio upon 
reflux revealed by EDX spectra (Fig 3.8), the molar ratio of CdSR-to-CdS, (1:2.12) 
suggested that two thirds of the sulfur in original thiol molecules transformed to 




Figure 3.8 The atomic ratio of Cd-to-Te, Cd-to-S, and S-to-Te of NCs synthesized at different 
reflux interval (corresponding to varied PL emission wavelength), which was determined by 


































Figure 3.9 TEM images of CdTe/CdS c/s NC after reflux 19hr (A-E). The scale bar in (B) 
indicates 5nm, which is applicable for (C), (D) and (E). The size distribution of the illustrated 
NCs is shown in (F) and the average size was determined to be 5.67±0.68 nm. 
 
The size of NIR-emission CdTe/CdS c/s NCs (PL emission wavelength 815 nm) was 
measured to be 5.67±0.68 nm by counting over 300 particles (Fig 3.9). It was very 
compact compared with other core-only, core/shell and alloyed semiconductor NCs 
with similar emission wavelength.[30, 55, 59] By scrutinizing on high-resolution TEM, 
the NC clearly reflected the lattice fringe of CdTe (111) and CdS (220) crystalline 
planes (Fig 3.9B). Interestingly, majority of the NCs showed a tetrahedral and 
truncated tetrahedral morphology rather than the spherical one, and this is in 
agreement with the observation by other researchers.[30, 49] We speculate that the 
morphology of CdTe/CdS c/s NCs was resulted from the epitaxial overgrowth of CdS 
shell, which adopted the lattice pattern of tetrahedral CdTe cubic core.[60]  
Absorption spectra (Fig 3.7A & B) illustrated that the first exciton (1s-1s) peak 
consecutively shifted from high-energy to low energy regime with a reduction of 
intensity. Especially after reflux for 60 min, the spectra gradually developed became 
featureless, indicating the lowering of band-edge oscillator strength. The reflux also 
induced a successive bathochromic shift in the PL spectra within a wide spectrum 
from 535 to 815 nm (Fig 3.7C & D). We noticed that there were two stages in the 
evolution of spectral width. From the start point to 3 hours reflux, the peak width 
(FMHW) was broadened by ~40 nm (Fig 3.7D), suggesting the intensification of 
polydispersity of NCs due to the combination of Ostwald ripening of CdTe NCs and 
CdS shell deposition. Surprisingly, between 3 to 19 hours reflux, the spectral width 
was restricted into 75~80 nm (Fig 3.7D) even though the emission wavelength 
increased to the 720~815 nm range. This was indicative of the restriction of NC size 
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and it might be resulted from the pure CdS deposition process. One may note that the 
spectral width of our NCs was typically larger than that of the NCs prepared through 
organometallic method,[47] but was comparable to the one based on aqueous synthetic 
route.[5]  
Further calculation on PLQY of CdTe/CdS c/s NC with fluorescein as the reference 
(Fig 3.7E) showed a gradual climb (11.4% ~ 54.0%) of PLQY of NCs with emission 
wavelength shifting from green to red, and subsequently a decline (54.0% ~ 41.5%) of 
that when the emission wavelength further shifted to near-infrared regime. Such 
phenomenon of “climb-then-decline” of PLQY of CdTe/CdS c/s NCs was also 
observed in other investigations based on both aqueous[27] and organometallic 
synthetic routes[22, 47] (discussed in the following section). Since the PL emission 
wavelength of single component CdTe NCs cannot cover such wide spectrum (535 ~ 
815 nm in our case), we speculate that the epitaxial overgrowth of the CdS shell on 
the CdTe core narrows down the band gap of the CdTe/CdS c/s NC and may convert 
the type-I band alignment into type-II. Therefore, a time-resolved PL spectroscopy 
study was performed to provide insights into the PL dynamics of CdTe/CdS c/s NCs, 
which is closely correlated with the band structure. 
 
3.3.4 Transition from type-I to type-II structure  
The electronic band-offset of bulk CdTe and CdS (Fig 3.10A) illustrates that the band 
alignment of CdTe-CdS combination belongs to type-I at room temperature, in which 
both holes and electrons are confined in the core (CdTe). The type-I semiconductor 
NCs can be converted to quasi-type-II or type-II NCs with partially or completely 
spatial-separated charger carriers by regulating the core size and shell thickness.[20, 22, 
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26] Concomitantly, the lattice-strain induced altering of energy band-gap and a widely 
tunable PL emission window can be achieved.[22] 
 
Figure 3.10 Schematics of band alignment of bulky CdTe/CdS heterostructure (A), CdTe NC 
with thin epitaxial CdS shell (B) and CdTe NC with thick epitaxial CdS shell (C). The lattice 
constants of cubic CdTe and cubic CdS are 0.648nm and 0.582nm respectively. 
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Figure 3.11 PL decay curves acquired by using picosecond pulse laser with repetition rate of 
10MHz (A). The radiative lifetime and nonradiative lifetime were calculated and plotted as 
the function of PL emission wavelength (B). 
 
Table 3.2 PL decay kinetics (measured by using picoseconds pulse laser with frequency 
of 10MHz) of CdTe core-only and CdTe/CdS c/s NCs with varied PL emission 
wavelength. 
Sample τ1 (ns) τ2 (ns) a1 (%) a2 (%) τave (ns) Φ (%) τR (ns) τNR (ns) 
CdTe (491*) 17.32 3.49 34 66 13.46 11.4 117.8 15.2 
CdTe/CdS (569) 32.88 7.17 84 16 31.84 32.9 96.7 47.5 
CdTe/CdS (636) 37.45 7.39 84 16 36.38 42.3 86.1 63.0 
CdTe/CdS (750) 60.07 6.29 88 12 59.3 54.0 109.9 128.9 
CdTe/CdS (815) 88.26 3.45 81 19 87.48 41.5 210.7 149.6 
Lifetime of component 1 (τ1) with corresponding amplitude (a1), Lifetime of component 2 (τ2) with 
corresponding amplitude (a2), average lifetime (τave), PL quantum yield (φ), radiative lifetime (τR), non-
radiative lifetime (τNR). (*) indicates the corresponding PL emission wavelength in nm. 
 
In present study, the PL lifetime of CdTe core-only and CdTe/CdS NCs with various 
shell thickness was measured by time-resolved PL spectroscopy at 10mHz frequency 
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(Fig 3.11). The results were fitted by double-exponential decay function (refer to 
experimental section). Average PL lifetime was calculated according to equation (5). 
The details of PL dynamics were tabulated in Table 3.2. Several clues demonstrated 
the transition of CdTe/CdS NCs from type-I to type-II behavior upon the thickening 
of shell: (1) progressive bathochromic shift of 1st exciton absorption and PL emission 
extending to NIR regime; (2) decreasing band-edge oscillator strength (see the 
decreasing 1st exciton absorbance); (3) drastically elongated PL lifetime from 13 ns to 
87 ns. As indicated by Kim et al,[19] due to spatial separation of charge carriers in the 
relaxation process of higher-state exitons, the type-II QDs behave as an indirect e-h 
recombination at the band edge and a weaker oscillator strength near the band-edge 
resulted from the decreased e-h wave function overlap. Furthermore, adjusting the 
shell thickness has been demonstrated to be an efficient route to tune the electronic 
behavior of core/shell QDs.[20-22, 26] In our investigation, the epitaxial overgrowth of 
CdS shell generated from the decomposition of Cd-thiolates created compressive 
force to CdTe core at the interface while undertook expanding strain itself owing to 
the smaller lattice constant of cubic CdS (5.82 Å) compared with that of cubic CdTe 
(6.48 Å). According to the definition of volume deformation potential of energy band 
gap, 
𝑎𝑉 = 𝜕𝑙𝑛𝐸𝑔 𝜕𝑙𝑛𝑉 ⁄ < 0          (3.6) 
where Eg is the band gap of semiconductor material and 𝜕𝑙𝑛𝑉  is the deformation 
induced volume change,[61] the energy level of conduction band of CdTe (core) is 
promoted, whereas that of CdS (shell) is fallen off as the epitaxial CdS shell formed 
surrounding CdTe core. With the increasing shell thickness, these two effects work in 
a convergent fashion and the initial type-I QDs was transformed to type-II structure 
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with staggered band offset (Fig 3.10B & C). The obtained CdTe/CdS core/thick shell 
NCs has a narrower indirect band gap than both direct band gap of cubic CdTe and 
CdS and generates NIR PL emission upon short-wavelength light excitation, which is 
unfeasible for either single component CdTe or CdS NCs (Fig 3.7C & D). The 
additional charge transfer process (electron transfer, in our case) between the 
conduction band edge of CdTe and that of CdS is responsible for the elongation of PL 
lifetime (Fig 3.11A; Table 3.2).[21] Importantly, the transformation is a progressive 
process accounting for the corresponding widely tunable PL emission window (Fig 
3.7A-D).  
In addition to the progressive elongation of average PL lifetime (Fig 3.11A; Table 
3.2), transition trend of radiative lifetime (𝜏𝑟 = 𝜏𝑎𝑣𝑒 𝛷⁄ ) and non-radiative lifetime 
(𝜏𝑛𝑟 = 1 (1 𝜏𝑎𝑣𝑒 − 1 𝜏𝑟⁄⁄ )⁄ ) was utilized to characterize the structural change of 
CdTe/CdS NCs. We observed that τr was shortened upon the deposition of solid CdS 
shell in the green to red window (491~636 nm), followed by a drastic escalation upon 
further thickening of shell in the NIR regime (636~815 nm). In contrast, τnr kept 
increasing throughout the full window (491~815 nm) (Fig 3.11B). The trend of these 
two characteristic lifetime values revealed that, in the first stage (491~636 nm), the 
NCs behaved as type-I semiconductor where both carriers were confined in the core 
(CdTe) and direct radiative recombination of carriers occurred in the core domain, 
despite the initial CdS deposition on the CdTe core. This can be attributed to the 
ineffectiveness of thin CdS shell on the spatial-separation of electrons. It was 
previously reported that for CdTe/CdSe c/s NCs having an intrinsic type-II band 
alignment, only one CdSe monolayer covered on CdTe can alter the electronic 
alignment of whole structure into type-II regime.[21] In our case, the shell thickness of 
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the CdTe/CdS c/s NCs with PL emission wavelength of 636 nm was approximately 
estimated to be 0.94 nm by TEM, which equals 2.67 CdS monolayers (taking average 
thickness of CdS monolayer as 0.35 nm). This value was distinctly larger than the one 
for the core/shell structure with intrinsic type-II band offset stepping into type-II 
regime.[21] This inferred that a thicker shell is required for non-inherent type-II 
core/shell semiconductor NCs forming a staggered band offset via strain tuning effect. 
The decreasing τr and increasing τnr with an apparent increment of PLQY was resulted 
from the eradication of surface trapping sites by CdS deposition in this stage.  
In the second stage (636~815 nm) (Fig 3.11B), upon further deposition of CdS, τr 
boosted with a higher rate than that of τnr due to the efficient spatial separation of the 
carriers, suggesting the formation of type-II structure in the CdTe/CdS c/s NCs. The 
thicker CdS shell played greater role in the elimination of surface trapping sites, 
which was confirmed by longer non-radiative lifetime. Nevertheless, we noted the 
predominant role of thicker CdS shell on the elongation of radiative lifetime caused 
by the additional electron transfer in the junction of the conduction band of CdTe and 
CdS prior to the band-edge radiative recombination (Fig 3.10C). It was indicative of 
the efficient spatial separation of carriers, which might be likely to increase the 
probability of nonradiative recombination. This negative effect probably 
overwhelmed the positive one originated from the removal of non-radiative channels. 
Therefore, after a critical value (the NCs with 1.56 nm shell for 2.46 nm core, 
corresponding to PL emission wavelength of 740nm), further thickening of the shell 
resulted in the deterioration of PLQY. This was consistent with the reports from other 





In summary, we have developed a facile procedure for synthesizing highly 
luminescent CdTe/CdS c/s NCs with widely tunable PL emission window in aqueous 
phase under fully ambient air atmosphere without inert gas protection throughout 
experiment. Air had negligible influence on the chemical state of surface Te-atoms in 
our synthetic condition, which can be attributed to reductive atmosphere generated by 
NaBH4, strong bonding of -SR group to surface Cd-atoms and excess thiol molecule 
in reaction solution. NCs with NIR emission wavelength (> 800 nm) were readily 
obtained by simply manipulating the reflux interval. High PL quantum yield (> 40%) 
was acquired without post-synthetic treatment, especially for the NCs with red- and 
NIR-emission window, which possesses remarkable potential in the bioimaging and 
biosensing applications. Additionally, by studying the time-resolved PL spectra, we 
witnessed the transition of electronic structure of CdTe/CdS c/s NCs from type-I to 
type-II upon thickening of CdS shell. This band alignment transition accounted for the 
widely tunable PL emission window. Combined with the intrinsic simplicity, this 
method provided a practical route to fabricate highly-luminescent water-soluble QDs 
with emission tunable from visible to near-infrared region. 
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Chapter 4 Ethylenediamine-assisted ligand exchange 
and phase transfer of oleophilic quantum dots: 




The synthesis of highly luminescent water-soluble CdTe/CdS core/shell QDs in 
aqueous media has been successfully demonstrated in the Chapter 3. Nevertheless, 
two factors restrict this “aqueous” approach being expanded to other semiconductor 
systems. First, in the aqueous synthetic route, mercapto-molecules are typically 
adopted as surface ligands to control the nucleation and growth of NCs and stabilize 
the as-formed NCs in aqueous solution. The redox level of most mercapto-molecules 
positions at lower energy level comparing with the valence band of CdTe QDs. As a 
consequence, the mercaptocarboxylic acids capped CdTe QDs exhibit strong 
photoluminescence due to the radiative-dominant charge recombination. On the 
contrary, the redox level of mercapto-molecules situates well above the valence band 
of many other semiconductors, such as CdSe. This leads to severe trapping of photo-
generated holes by mercapto ligands and thus quenching the PL.[1] Second, in the case 
of synthesizing cadmium-free QDs, such as InP (III-V compounds)[2] and CuInS2 (I-
III-VI compounds),[3] no stable precursors in water are available. Taking into account 
of these two aspects, the aqueous approach based on water-soluble precursors and 
mercapto-ligands for synthesis of highly luminescent QDs is limited to be expanded 
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to other semiconductors with the emphasis of bright PL. Therefore, a general and 
facile method for preparing highly luminescent water-soluble QDs is necessitated. 
In this chapter, we studied the preparation of highly luminescent water soluble QDs 
via ligand exchange based phase transfer by using one type of oleophilic QDs 
(CdSe/ZnS) as the starting material. The success of this method breaks the limitation 
of aqueous approach on the chemical composition of the obtained water-soluble QDs, 
as most highly luminescent QDs can be synthesized via the organometallic method. 
Our newly designed approach solves two long-standing issues associated with the 
ligand exchange process: (1) low transfer efficiency and (2) severe deterioration of PL 
property upon transfer. Our approach essentially relies on the tuning of the interaction 
between QDs and surface ligands, as well as that between different ligands.  
Surface ligands play a vital role in the synthesis, stabilization[4-8] and practical 
utilization[9-14] of colloidal nanocrystals (NCs) in different matrices. The NC-ligand 
entity rules the physicochemical properties of NCs displayed in a matrix, such as 
dispersity, stability, optical properties, electronic properties, and so forth. Desired 
surface functionalization also imparts NCs with exceptional performance under 
specific circumstances.[15-21] For instance, the film of gold nanoparticles (AuNPs) 
capped with metal chalcogenide complex (MCC) ligands shows a conductivity of ca. 
200 S·cm-1, which is 1011 times higher than that of the film of dodecanethiol-capped 
AuNPs.[22] The high conductivity makes MCC-capped AuNPs a good material to be 
integrated into high-performance optoelectronic devices.  
As a prototypical system, highly luminescent colloidal semiconductor NCs, also 
called quantum dots (QDs), are synthesized in organic coordinating/non-coordinating 
solvents[4, 23] and widely used for fluorescence-based sensing, imaging, and other 
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biomedical applications, upon transferring to bio-compatible buffers or aqueous 
solvents.[19] Surface ligand exchange is one of most extensively studied methods for 
transferring QDs to the aqueous phase. Conceptually, the bifunctional ligands (e.g. 
mercaptocarboxylic acids) bind to the inorganic surface of QDs via the Lewis acid-
base interaction between the Zn atom (for CdSe/ZnS core/shell QDs) and thiol group 
at one end, and the ionic moieties (typically, carboxylic group) at the other end for 
colloidal stability. Due to the high affinity of the thiol group to metal sites on the QD 
surface, incoming bifunctional ligands replace the original ligands and render the QDs 
water soluble. In practice, however, when the oleophilic QDs capped with original 
ligands (trioctylphosphine oxide, trioctylphosphine, alkyl-amine and fatty acid, etc.) 
are mixed with bifunctional ligands, incomplete substitution of original ligands on 
QDs leads to the trapping of QDs at the phase boundary in a biphasic reaction and 
poor water-solubility of the transferred QDs in the aqueous phase. In addition, the 
drastic deterioration of the photoluminescence quantum yield (PLQY) of QDs is 
commonly seen after being transferred to the aqueous phase. The PLQY of QDs 
typically declines by 40-60% via mercaptocarboxylic acids functionalization, though 
sophisticated shelling strategy may lower this value to ~30%.[24] It is reported that the 
quenching of PL of CdSe/ZnS QDs, due to the coordinating of mercaptocarboxylic 
acids to the surface, is static rather than diffusive in nature,[25] and thus the reduction 
of PLQY is associated with the quality of shell.[26, 27] However, to a considerable 
extent, this adverse effect can also be accounted by the incomplete ligand 
substitution,[28, 29] which may cause the formation of hydrophobic patches on QDs 
surface via reconstruction of the ligand shell.[30] Heterogeneity of the ligand shell 
triggers aggregation of QDs through hydrophobic attraction and consequently PLQY 
can be weakened most likely due to self-quenching.[31] These two problems of 
82 
 
incomplete phase transfer and drastic PLQY deterioration have been embedded in this 
approach since its introduction, and tremendous efforts have been attempted to 
improve this ligand exchange process in terms of high transfer efficiency (including 
colloidal stability after transfer) and photoluminescence preservation.[28, 29, 32-37] 
Unfortunately, very few works simultaneously achieved both aims.[28, 29, 37] Recently, 
reaction-driven ligand exchange on colloidal nanoparticle (NP) surface has been 
demonstrated, featured by the stripping of original ligands prior to grafting of new 
ligands on the NP surface.[38-41] Nevertheless, this technique is currently applicable 
only in polar aprotic solvents, such as DMF, but not in protic solvents, such as 
water.[40, 41] The air-sensitive[38, 39] and oxidative[40] stripping reagents also limit the 
application of this method.  
Herein, we reported a facile strategy to transfer CdSe/ZnS core/shell QDs from the 
organic to aqueous solvent with ~100% transfer efficiency and effective PLQY 
preservation. Our method, distinct from the classic one, is rooted in the stripping-off 
of original ligands by ethylenediamine (EDA) (Scheme 4.1). Due to its amphiphilic 
nature and weak binding strength, QDs reversibly capped by EDA can be further 
stabilized by strong ligands, such mercaptocarboxylic acids. The results demonstrated 
that this can be a general approach to transfer oleophilic QDs to the aqueous phase via 
commonly used thiolated ligands, including both simple molecules and thiolated 
polymer. The PLQY of phase-transferred QDs is essentially preserved (up to ~88% of 
initial value. In addition, the stripped QDs have high surface reactivity, as 
demonstrated by stoichiometric assembly of mercaptopropionic acid on the particle 
surface. We believe this methodology is promising in preparing highly luminescent 
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water soluble QDs for subsequent surface functionalization for various biomedical 
applications. 
 
: Original ligand 
: EDA 
: Mercaptocarboxylic acid  
Scheme 4.1 EDA-mediated ligand exchange on oleophilic QD surface. Note that, at the 
second step, EDA molecules are purposely drawn as not directly attaching on the QD surface 





The follow chemicals were used as received. CdO (≥ 99.99%), Se (99.99%), 1 -
octadecene (ODE, 90%), oleic acid (OA, 90%), oleylamine (OLA, 70%), 
trioctylphosphine (TOP, 90%), zinc diethyldithiocarbamate (Zn(DETC)2, 97%), 
ethylenediamine (EDA, ≥ 99%), 3 -mercaptopropionic acid (MPA, ≥ 99%), 
mercaptosuccinic acid (MSA, ≥ 99%), 11 -mercaptoundecanoic acid (MUA, 95%), 
(±)-α-lipoic acid (LA, ≥ 99%), and ZnCl 2 (98-100.5%) were purchased from Sigma. 
Thiolated-PEG carboxyl (HS-PEG2000-COOH, MW 2000 g·mol-1) was purchased 
from Jenkem technology Co. Ltd. Hexane, toluene, chloroform, acetone and methanol 




4.2.2 Preparation of oleophilic CdSe/ZnS core/shell nanocrystals 
CdSe NCs were synthesized according to a non-injection method.[42] Briefly, CdO 
(0.1 mmol, 0.0128 g), OA (0.21 mmol, 0.0593 g) and ODE (5 g) were mixed and 
heated to 230 °C in a 25 mL three-neck flask under nitrogen. When the solution 
turned optically clear, it was cooled to room temperature. Se powder (0.05 mmol, 
0.004 g) was added to this reaction solution and temperature was raised to 230 °C at a 
rate of 20-25 °C min-1. CdSe NCs began to form upon the dissolution of Se powder in 
ODE at 210 °C. By controlling growth interval at 230 °C, CdSe NCs with varied size 
were obtained. The reaction mixture was cooled to room temperature when CdSe NCs 
with desired size were obtained. A small portion of crude CdSe solution was acquired 
and diluted with hexane for optical measurement and determination of the NC size. 
Zn(DETC)2 was used as the single-source precursor for ZnS shell growth.[43-45] 
Briefly, Zn(DETC)2 powder was first dissolved in a mixture of OLA and TOP to 
prepare the Zn/S precursor solution. OLA (1 mL) and TOP (1 mL) were added to the 
CdSe solution. Then the reaction flask was under vacuum for 30 min and filled with 
nitrogen subsequently. The reaction solution was heated to 100 °C and Zn/S precursor 
solution with a calculated amount for the first shell growth was added via syringe 
injection. After keeping at 100 °C for 30 min, the temperature was raised to 180 °C 
and maintained for another 30 min. The solution was then cooled to 120 °C and Zn/S 
precursor solution for the second shell growth was added. The temperature was re-
elevated to 180 °C to promote the shell deposition. The reaction was then cooled to 
room temperature. The obtained CdSe/ZnS core/shell QDs were stored in the crude 
solution for further use. 
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4.2.3 Ligand exchange and phase transfer of QDs from organic to 
aqueous phase 
CdSe/ZnS QDs in 0.5 mL stock solution were precipitated out from the crude solution 
by acetone induced flocculation and centrifugation. The supernatant was decanted and 
pellet was redispersed in 1 mL chloroform and loaded in a glass vial. 0.5 mL EDA 
was added to the solution under vigorous stirring. Due to the considerable solubility 
of EDA in chloroform, no phase separation was observed. After 30 min, 1 mL 
aqueous solution containing alkyl-mercaptocarboxylic acid as the substitute ligand 
(0.15 M in ultrapure water) was added to the mixture and reaction proceeded for 
another 1 hour. Aqueous phase (water and EDA) and organic phase (chloroform) 
were evidently separated. The colored aqueous phase and colorless organic phase 
indicated the complete transferring of QDs to the aqueous phase. The colored top 
layer (aqueous phase) was loaded to a falcon tube and addition of excess methanol 
followed by centrifugation to precipitate the QDs out of crude solution. The pellet was 
readily redispersed in ultrapure water for further study. 
 
4.2.4 Classic method for ligand exchange and phase transfer of 
oleophilic QDs to water 
As first described by Chan et al.,[10] the ligand exchange becomes one of the main 
strategies to transfer oleophilic QDs to aqueous phase. This method is widely used in 
many laboratories nowadays. Here, we term this method as “classic method”. The 
typical procedure of the classic method is described as following[29, 34]: MPA was 
added to methanol containing tetramethylammonium hydroxide (TMAH). The MPA 
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solution was added to the dried QDs precipitates (purified). The mixture was stirred 
for ca. 24 hrs. Water (2 mL) and chloroform (2 mL) were added to the mixture. 
Organic and aqueous phases were then separated. The molar ratio of MPA:QD used 
here was set as 104:1 as well. This procedure was also applied for other 
mercaptocarboxylic acids (i.e. MUA, MSA and DHLA). 
 
4.2.5 Mechanistic study of EDA-mediating ligand exchange process 
(1) Investigation of EDA addition into oleophilic QD solution in the organic phase: 
The amount of applied EDA was the same as described above. With vigorous stirring 
for 30 min, one portion of the mixture was diluted with chloroform and absorption 
and PL spectra were immediately recorded. The amount of EDA added to the 
oleophilic QD solution was then varied to investigate the effect on QD aggregation. 
Specifically, under vigorous stirring, five different amount of EDA were added to the 
oleophilic QD solution of the same amount to achieve the molar ratios EDA:QD of 
102, 103, 104, 105 and 106 respectively.  
(2) Investigation of the water solubility of the EDA-treated QDs: To the five samples 
added with different amount of EDA for 1 hour, water with equal volume was added 
and stirring proceeded with another 15 min. The amount of water added to the EDA-
treated QDs was also varied. Specifically, three oleophilic QD samples mixed with 
EDA (i.e. 0.5 mL EDA in 1 mL oleophilic QD mixture) were put under vigorous 
stirring 30 min. The molar ratio of EDA:QD was set to be ca.106:1. Different amount 
of water (0.5, 1.0, and 1.5 mL) was then added to each sample followed by another 15 
min of stirring. Subsequently, the samples were left undisturbed and the aggregation 




Transmission electron microscopy (TEM) images were recorded on a JEOL JEM-
2100F electron microscope with an operating voltage at 200 kV. The TEM sample 
was prepared by dropping the QD solution on a copper grid and drying in air. UV-
visible absorption spectra were taken on a Varian Cary 50 Bio spectrophotometer. 
Photoluminescence spectra were recorded at room temperature on a Cary Eclipse 
fluorescence spectrophotometer using a 1 cm path length quartz cuvette. All PL 
spectra were measured at optical densities between 0.01 and 0.03 at the excitation 
wavelength to preclude the influence of self-absorption and different light penetration 
depths on the PL spectra. Chemical composition analysis was conducted with X-ray 
photoelectron spectroscopy (XPS, Kratos AXIS UltraDLD spectrometer equipped 
with an Al Ka monochromatized X-ray source). C 1s (C-C) binding energy was 
calibrated to 284.6 eV and used as reference. Fourier transform infrared (FTIR) 
spectra were recorded in transmission mode on a Shimadzu 8400 spectrophotometer. 
Samples were prepared by dropping concentrated QDs solution on a KBr or KRS 
substrate (International Crystal Laboratories) and dried in steady N2 flow to form a 
QD film with similar deposited area. For quantitative comparison of FTIR spectra of 
QDs before and after surface treatment, QDs of the same amount were used to prepare 
samples. Dynamic light scattering (DLS) and ζ-potential were measured on a Malvern 
Zeta-sizer Nano-ZS instrument.  
 
4.2.7 Measurement of photoluminescence quantum yield (PLQY) 
The PLQY of QDs was measured using Rhodamine 6G (R6G) as the reference. The 
PLQY of R6G as 0.95 (in ethanol, with excitation at 490 nm) was used.[31, 46] The 
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optical density at excitation wavelength (490 nm) of QDs in hexane (original) or in 
ultrapure water (transferred) and that of R6G in ethanol was tuned to be identical. 
Both excitation slit and emission slit were adjusted to be 5 nm respectively. The 
integrated intensity of the emission spectra was calculated and the PLQY of QDs was 
estimated by according to: 
Φs = Φr × �ArAs� × �IsIr� × �nsnr�2 
where s and r represent the samples and reference dye respectively; Φ represents 
quantum yield; A represents absorption at excitation wavelength, which was identical 
for all samples and reference; I stands for the integrated intensity of emission spectra; 
n is the refractive index of the solvent used. 
 
4.3 Results and discussion 
4.3.1 EDA-mediated ligand exchange of oleophilic CdSe/ZnS QDs 
with various alkyl-mercaptocarboxylic acids 
We used CdSe/ZnS core/shell QDs as a model system to investigate the process of 
ligand exchange and phase transfer of oleophilic QDs due to its well-established 
synthetic procedure and wide-ranging applications. Multi-component shelling 
technique[24, 47], which is commonly used to improve the quality of expitaxy (i.e. 
reduce interfacial defect) and hence the PLQY of QDs, was not utilized in this study 
to preclude the influence from the solid component. The as-synthesized QDs capped 
by OA, OLA and TOP were soluble in organic solvents, such as hexane, toluene and 
chloroform. Three sets of QDs, termed as QD578, QD601 and QD624, were 
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employed in this study with PL emission maximum at 578, 601 and 624 nm 
respectively (Fig 4.1). The PLQY of as-synthesized QDs was determined to be 51% 


















































Figure 4.1 TEM images and size counting histogram of original (a) QD578, (b) QD601 and 
(c) QD624. (d) Absorption and PL spectra of three sets of CdSe/ZnS QDs in hexane and (e) 
PLQY referencing to Rhodamine 6G. 
 
The EDA-mediated ligand exchange and phase transfer of the oleophilic QDs were 
first illustrated together with six types of alkyl-mercaptocarboxylic acids, i.e. MPA, 
MSA, MUA, dihydrolipoic acid (DHLA), Zn-lated MPA, Zn-lated MSA, and one 






Experimental Section for details). As shown in Fig 4.2a, upon mixing with aqueous 
solution containing mercaptocarboxylic acids or thiolated PEG, it was visually 
evident that QDs were completely transferred from the organic to aqueous phase, and 
no aggregates were observed at phase boundary. There was no clear phase boundary 
in the case of MUA due to the partial miscibility of MUA in both organic and aqueous 
solvents. The subsequent redispersion of MUA-capped QDs into water revealed that 
they were fully soluble in water as well. Interestingly, in the case of HS-PEG-COOH, 
the molar ratio of ligand:QD was set to be 500:1, a noticeably small value which is 
typically unable to afford complete ligand exchange and results in particle 
aggregation according to the classic method.[28, 48] However, aggregate-free transfer of 
QDs was observed in this study (Fig 2a), implying a highly efficient ligand exchange. 
In all circumstances, transferred QDs can be readily redispersed in aqueous solution 
after purification without ultrasonication, indicating the homogeneous hydrophilic 
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Figure 4.2 (a) The photos of QD578, QD601 and QD624 transferred to aqueous phase by 
EDA and 7 types of ligands. The upper layer is water and the lower one is chloroform; (b-d) 
absorption and PL spectra of water-soluble QD578 (b), QD601 (c) and QD624 (d) transferred 
by EDA and 7 types of ligands. The dotted and dashed lines in b-d indicate the absorption 
onset and PL maximum of original QDs respectively. (e) ζ-potential of QD601-EDA-MSA: -
62.5 mV; (f) Number-based size distribution of QD601-EDA-MSA: 6.5 ± 1.8 nm. 
 
Absorption spectra of the transferred QDs stabilized by the thiolated substitute ligands 
exhibited no red tail in the long-wavelength regime due to the absence of large-size 
light-scattering aggregates (Fig 4.2b-d). It should be mentioned that same simple 
reaction condition was used for all the above aggregate-free phase transfer. Hence, 
this can be a general strategy suitable for any thiolated ligands in transferring 
oleophilic QDs to aqueous phase. The classic method in the absence of EDA was 
performed as a control experiment, in which pH value of reaction solution and ligand-




QD ratio were delicately tuned upon the use of different ligands.[29] However, in 
control experiment, large aggregates were found at the phase boundary in all 
circumstances and a large portion of QDs remained in chloroform when MPA and 
MSA were used as substitute ligands, suggesting the lack of sufficient ligand 
exchange (Fig 4.3). 
 
Figure 4.3 Ligand exchange and phase transfer of oleophilic QDs by using the classic method. 
From left to right, MPA, MUA, MSA and DHLA were used as substitute ligands in each 
sample respectively. 
 
Based on the absorption and PL spectra of transferred QDs, we noted that employing 
simple mercaptocarboxylic acid molecules (MPA, MSA, MUA and DHLA) in our 
method resulted in blue shifts of the absorption onsets and PL maxima for three sets 
of QDs when compared with the original sample (Fig 4.2b-d). The blue shifts of 
spectral peaks were insignificant (4-7 nm for absorption onset and 1-6 nm for PL 
maximum) in the case of MPA, MSA and MUA, while it was considerable (22-26 nm 
for absorption onsets and 16-18 nm for PL maxima) in the case of DHLA (Table 4.1). 
This is most likely due to the surface etching of QDs from the large dose of 
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mercaptocarboxylic acids, particularly in the case of DHLA possibly because of the 
di-thiol structure. The 104:1 molar ratio of ligand:QD shown here is a commonly used 
value in previous studies to ensure complete ligand substitution but surface etching 
has seldom been observed under such condition.[29] Based on the observation of 
spectra, we speculate that the thick organic layer of oleophilic QDs can be removed 
by EDA to some extent and this accounts for the higher susceptibility of EDA treated 
QDs to surface etching by mercaptocarboxylic acid (see next section below for 
details). 
Table 4.1 Absorption onset and PL maximum of oleophilic and transferred QDs. 
 QD578 QD601 QD624 
Original 566; 578a 588; 601 613; 624 
MPA 562; 577 583; 597 608; 620 
MSA 562; 574 583; 595 608; 620 
MUA 561; 573 581; 595 608; 620 
DHLA 540; 562 565; 584 591; 606 
HS-PEG 566; 581 588; 601 611; 624 
ZnMPA 566; 577 589; 600 615; 624 
ZnMSA 565; 577 589; 600 614; 625 
a values in first column are absorption onset; values in second column are PL maximum. 
  
Metalated mercaptocarboxylic acids (Zn-MPA and Zn-MSA) were used as substitute 
ligands under the same condition to examine whether the surface etching could be 
mitigated.[28, 34, 49] The corresponding absorption and PL spectra exhibited no peak 
shifting of QDs stabilized by metalated ligands, suggesting that surface etching was 
substantially alleviated (Table 4.1). It is probably because the Zn atoms in the Zn-
MPA or Zn-MSA complex fill the surface vacancies generated by the loss of surface 
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Zn atoms accompanying the desorption of original ligands in exchange process. The 
surface etching can be further reflected by the PLQY of QDs transferred to the 
aqueous phase (Table 4.2 and Fig 4.4). With a molar ratio of ligand:QD at 104:1, the 
PLQY of QDs transferred by simple mercaptocarboxylic acids (MPA, MSA, MUA 
and DHLA) reduced considerably (30-65% in the case of MPA, MSA and MUA), 
especially in the case of DHLA (up to 97%). Given the fact of spectral blue-shift and 
aggregate-free transfer, surface etching should be the main factor accounting for the 
severe deterioration of QDs PLQY. Nevertheless, by utilizing metalated ligands (Zn-
MPA and Zn-MSA) at the same quantity, the PLQY of QDs was essentially preserved 
(up to 88% of the initial value of as-synthesized QDs), implying the surface etching 
was significantly minimized. 
















Figure 4.4 Summary of normalized integrated PL intensity of original QDs (QD578, QD601 
and QD624) and QDs transferred by EDA and 7 types of ligands. Each value is the average of 












Table 4.2 PL quantum yield (%) of water-soluble QDs transferred by numerous 
thiolated ligands with the molar ratio of ligand:QD at a magnitude of 104:1 (Note that 
the molar ratio of HS-PEG:QD was 500:1). 
 QD 578 QD 601 QD 624 
MPA 64 34 32 
MSA 57 35 20 
MUA 74 42 31 
DHLA 27 8 2 
HS-
PEG2000 36 31 26 
ZnMPA 75 53 38 
ZnMSA 78 52 40 
Original 51 60 59 
 
It is worth to note that the PLQY of transferred QDs in the aqueous phase 
systematically exhibited a size-dependent trend regardless of the nature of substitute 
ligands, with large-size QDs having low PLQY upon transferring, and vice versa 
(Table 4.2 and Fig 4.4). Particularly, to our surprise, the smallest QDs used here 
(QD578) even exhibited PL enhancement after transfer by applying MPA, MSA, 
MUA, Zn-MPA and Zn-MSA as substitute ligands. We speculate that the PL 
enhancement may result from the stronger binding and more compact capping density 
of thiolated ligands on QDs, in comparison with these of bulkier original ligands (OA, 
OLA, and TOP). This effect is insignificant for QD601 and QD624, which may due to 
larger particle size and consequently smaller surface curvature. The specific 




4.3.2 Mechanistic study of EDA-mediating ligand exchange 
The use of EDA to replace original ligands and to mediate transferring of QDs to 
aqueous phase conducted in our study is simple, yet it yields high transfer efficiency 
comparing with the classic method (Fig 4.2 and Fig 4.3).[29] In fact, the versatility of 
reaction condition (i.e. little or no tuning and optimization is required) and high 
transfer efficiency are conflicting factors in the classic ligand exchange and phase 
transfer method. We acknowledge that the thiol group (-SH) in alkyl-
mercaptocarboxylic acid has to be deprotonated to facilitate ligand exchange and 
phase transfer, because thiolate (-S-) has stronger binding energy to metals than thiol 
(-SH) does.[32, 50] Due to the diverse acid dissociation constant (pKa) of thiol group (-
SH) in different alkyl-mercaptocarboxylic acids,[51] pH value of reaction solution is 
usually delicately tuned according to applied thiol species.[29] Besides the substitute 
ligands, the original ligands of oleophilic QDs should be considered as another main 
factor influencing the exchange process. The original ligands bind to the surface of 
QDs with a head group (usually phosphine oxide, phosphonic acid, carboxylic acid 
and amine) linked to the long hydrocarbon tails that provide hydrophobicity and 
solubility in the organic phase.[52] The thick organic layer also offers a steric barrier to 
prevent aggregation and approaching of foreign species, such as oxygen, to the 
particle surface. Due to the strong hydrophobicity and steric hindrance from the 
organic layer, especially the latter, substitute ligands are usually added in excess 
quantity to increase the probability of penetrating the organic barrier and the extent of 
ligand exchange. However, such strategy often does not yield complete ligand 
exchange. Instead, it results in surface heterogeneity with hydrophobic patches 
(original ligands) and hydrophilic patches (incoming ligands) that frequently trigger 
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the formation of amphiphilic aggregates at phase boundary or during purification (Fig 
4.3).[30] 
In further understanding the roles of EDA, we studied the effect of EDA addition into 
oleophilic QD solution (see Experimental Section for details). The absorption and PL 
spectra of samples recorded immediately after EDA addition exhibited no 
distinguishable peak shift (Fig 4.5a-c), suggesting that the composition of QDs is 
untouched, despite the rather high EDA concentration. We also noted the presence of 
a red tail regardless of the size of QD, indicating the formation of larger-size 
aggregates. Besides, the QDs subsequently precipitated in 30 – 60 min after the EDA 
addition (Fig 4.5d). This colloidal instability of QDs indicates the loss of original 
ligands from the QD surface. One possible explanation can be the replacement of the 
original ligands by EDA. Since the binding of primary amine to the surface of ZnS is 
rather weak,[53] desorption of EDA from QD surface can rapidly occur and results in 
the loss of QD colloidal stability. The FTIR spectra exhibited a considerable reduction 
of the intensity of C-H stretching vibration (2800-3000 cm-1) of QDs treated by EDA 
(Fig 4.5e). The integrated peak area of C-H stretching bands indicates that (78 ± 8)% 
of original ligands were stripped off after the EDA addition (Fig 4.5f). Furthermore, 
the absence of N-H stretching (3100-3400 cm-1) and bending bands (1550-1650 cm-1) 
confirms that minimal EDA adsorbed on QDs surface (Fig 4.5e). Surface elemental 
analysis by XPS showed severe decrease of carbon content and further corroborates 
the removal of original ligands (Fig 4.6 and Table 4.3). These data can substantiate 
our initial hypothesis regarding the removal of original ligands on QDs by EDA 





































































































Figure 4.5 Addition of EDA into oleophilic QD solution (in chloroform): (a) absorption and 
PL spectra of QD578 (original and with addition of EDA); (b) absorption and PL spectra of 
QD601 (original and with addition of EDA); (c) absorption and PL spectra of QD624 
(original and with addition of EDA); (d) photos were taken within reaction with EDA in 
chloroform after 1 hour, under room-light (left) and UV (right) (in each photo, from left to 
right QD578, QD601 and QD624). (e) FTIR spectra of original QDs, QDs treated with EDA, 
and QDs treated with both EDA and MPA. (f) Integrated intensity of C-H stretching band of 
original QDs, QDs treated by EDA and QDs treated by EDA and MPA. The calculated range 
(2800 – 3000 cm-1) is indicated by the dotted rectangle in (e). 
 







































































































Figure 4.6 XPS analysis of original QDs (black), QDs treated by EDA (red) and QDs treated 
by EDA and MPA (blue). Samples were prepared by drop-casting of QDs on gold coated-
silicon substrate (thickness of gold film ≈ 100nm) and dried in air ( ca. 12 hrs) and then 
vacuum (ca. 12 hrs). 
 
Table 4.3 Atomic Surface Composition (%) of original and surface-treated QDs 
 C 1s N 1s O 1s P 2p Cd 3d Se 3d Zn 2p S 2p 
Original QD 90.91 0.09 3.88 0.12 1.36 0.35 1.03 2.26 
QD-EDA 66.22 3.63 8.21 1.2 4.84 2.32 5.36 8.23 
QD-EDA-MPA 50.85 5.59 7.44 0.08 2.73 17.87 6.75 8.69 
 
Due to weak binding strength of EDA (primary amine) to the QDs, the mechanism of 
the ligands replacement at this step should not be the same as that of the classic 
method[19, 30], in which weaker ligands are replaced by stronger incoming ligands. The 
organic layer of oleophilic QDs is composed of OA, OLA and TOP (see FTIR and 
XPS data), and the replacement of OA with EDA is most likely driven by acid-base 
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reaction.[54] This is consistent with the study by Law et al., in which simple amines 
assist desorption of oleate from PbSe NCs surface.[55] The displacement of OLA by 
EDA is supported by the evidence that short-tail alkylamine in large excess amount 
can replace alkylamine with a long hydrocarbon tail on the QD surface.[56] 
By varying the amount of EDA used, we found that a small amount of EDA (as little 
as a molar ratio of EDA:QD ≈ 10 3:1) was able to replace original ligands and induce 
aggregation of QDs (Fig 4.7). EDA with the concentration above this threshold value, 
such as EDA:QD ≈ 104:1, 105:1 and 106:1, had similar effect, while the QDs still well 
dispersed in organic phase with less EDA addition (EDA:QD ≈ 10 2:1). This reveals 
the efficiency of original ligand stripping on QD surface is EDA concentration 
dependent, with the molar ratio of EDA:QD ≈ 103:1 being the threshold. 
 
Figure 4.7 Effect of EDA amount on QD aggregation. Instead of chloroform, toluene was 
used here to preclude the influence of solvent evaporation. To examine whether EDA-treated 
QDs are water soluble, water was added after 1 hour reaction of EDA with QDs in toluene. 
The values in upper photo indicate the molar ratio of EDA:QD. Photos were taken after 15 
min of addition of water, under room-light (upper) and UV (lower) conditions.  
 
In conjunction with the study mentioned above, we investigated the water solubility 
of EDA-treated QDs. With the addition of water to this mixture (the five samples with 
various EDA:QD molar ratios), EDA with higher concentration (EDA:QD ≈ 10 5:1 
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and 106:1) was able to facilitate the transferring of QDs to aqueous phase, while EDA 
with medium concentration (EDA:QD ≈ 10 3:1 and 104:1) triggered the formation of 
aggregates either trapped at phase boundary or in aqueous phase (Fig 4.7). In the case 
of the least EDA addition (EDA:QD ≈ 10 2:1), no aggregation and transferring was 
observed. These phenomena imply that only at sufficient concentration would EDA 
serve as new ligand to strip the original ligands off the QD surface and to facilitate the 
transferring of QDs to the aqueous phase. This is probably due to the hydrophilic 
nature of EDA molecule, with the partition coefficient of EDA as Log Po/w = -1.2~-
1.52. 
An EDA molecule consists of an amine group at each terminal and a short 
hydrocarbon backbone. Hence, the binding strength of EDA on QD surface via amine 
group is weak. And because of this weak binding, the QDs can only be transferred to 
aqueous phase at high EDA concentration (i.e. the presence of tremendous amount of 
free EDA in the reaction solution). To confirm that EDA binding on QDs is weak, the 
mixture of oleophilic QDs and EDA was added with different volume of water, 
specifically 0.5 mL, 1 mL, and 1.5 mL, to induce the transferring of QDs (see 
Experimental Section for details). As shown in Fig 8, the QDs swiftly (< 1 min) 
transferred from the organic to the aqueous phase upon the addition of water. 
Allowing the EDA-capped QDs in water (in fact, it is a mixture of water and EDA) to 
stand still for an hour, we observed that most QDs lost their colloidal stability and 
precipitated at the phase boundary (Fig 4.8), indicating the desorption of EDA 
molecules from the QD surface. This EDA concentration-dependent stability of QDs 
reveals the reversible nature of stabilization of QDs by EDA. In other words, the 
stabilization of QDs by EDA in aqueous phase is highly dependent on the EDA 
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concentration and irrespective of the binding strength of EDA to QD surface. This is 
consistent with the weak binding strength of amine to QDs[50, 53] and reflects the 
vulnerability of the QD-EDA entity. Therefore, the QDs reversibly capped by EDA 
should be considered as quasi-bare particles, which can be readily stabilized by 
stronger ligands, such as mercaptocarboxylic acids. 
 
Figure 4.8 The stability of the EDA reversibly capped QDs in water. The loading amounts of 
QDs, chloroform and EDA are the same in three vials. 0.5 mL, 1 mL and 1.5 mL water was 
added to the vial from left to right respectively. (upper) 1 min after addition of water; (lower) 
1 hour after addition of water. 
  
Combining all studies in this section, the mechanism accounting for our current 
method can be clearly depicted. In the first step, adding EDA with high concentration 
(EDA:QD > 105:1) to the oleophilic QD solution (chloroform, toluene or hexane) can 
displace the original ligands and form the EDA capped QDs. Subsequently, upon the 
addition of aqueous solution containing mercaptocarboxylic acids, the EDA-stabilized 
QDs can quickly move to aqueous phase with the assistance of excess amount of EDA. 
Due to the weak binding strength of EDA on QDs and strong binding strength of thiol 
to QDs, the secondary ligand exchange immediately occurs. Since this secondary 
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ligand exchange takes place in the aqueous phase rather than a heterogeneous reaction 
at the aqueous/organic interface, it results in a high phase transfer efficiency. 
 
4.3.3 Surface reactivity of EDA reversibly stabilized QDs 
EDA reversibly stabilized QDs should have higher reactivity with incoming strong 
ligands since most surface sites are open to the environment. QD601 was used in this 
set of experiment to prove this hypothesis. The surface area of one QD601 (diameter 
≈ 4.2 nm, Fig 4.1b) was estimated to be 55 nm2 assuming a perfect sphere. The 
surface footprint area of one MPA molecule on QD is adopted as 0.24 nm2 based on 
the work by Giz et al.[57] Therefore, one QD601 can be saturated with ≈ 230 MPA 
molecules. Hence, if the surface reactivity of QDs is sufficiently high, MPA with this 
amount (230 MPA molecules per one QD601) should be able to bind to QDs and 
stabilize them in aqueous phase, i.e. no excess MPA is needed. 
To QDs whose original ligands were stripped off and reversibly stabilized by EDA, 
various amount of MPA in aqueous solution was added under vigorous stirring to 
achieve the molar ratio of MPA:QD ranging from 10:1 to 1000:1. With reaction for 1 
hour, a thick aggregate layer emerged at the phase boundary when the molar ratio of 
MPA:QD was 10:1 and 100:1 (Fig 4.9a), both being significantly below the saturation 
value of 230:1. On the contrary, no distinguishable aggregates were observed when 
the molar ratio was set as 250:1, 500:1 and 1000:1. After purification, these QDs were 
attempted to be redispersed in water. As shown in Fig 4.9b, QDs rapidly settled down 
in the former two cases (10:1 and 100:1), while they were well dispersed in the latter 
three cases (250:1, 500:1 and 1000:1). This phenomenon was consistent with the 
absorption spectra of each sample. Comparing with the absorption spectrum of 
106 
 
original QD601, colloidally unstable QDs showed a non-featured spectrum (10:1) or 
the one with strong red tail (100:1); while the spectra were essentially unchanged for 
stable QDs (250:1 to 1000:1) (Fig 4.9c). The corresponding normalized PL spectra 
revealed a weak PL intensity with a red shift of PL maximum for unstable QDs; while 

























































Figure 4.9 (a) Reaction of stripped QDs with aqueous solution containing different amount of 
MPA. The numerical values are the molar ratios of MPA:QD. Photo was taken at 1 hour after 
mixing with MPA. The upper layer is water and lower one is chloroform. (b) Photo of 
stripped QDs stabilized by MPA with different amount (purified and redispersed in water). 
The first row indicates the molar ratio of MPA:QD. The second row indicates the PLQY. (c) 
Absorption and (d) PL spectra of QDs stabilized with different amount of MPA. The inset of 
(c) is the zoom-in of the first absorption peaks and the dashed line indicates the first 
absorption peak of original QD601. The dashed line in (d) indicates the PL peak of original 
QD601. The spectra of the case MPA:QD = 17400 were added here for comparison, which is 
the protocol described in the experimental section. Note that the legends in (d) are for both (c) 
and (d). 
 
We believe that the partially capping of bare QDs by insufficient MPA results in 
considerably uncovered surface area and induces the aggregation. To our surprise, 
using this new procedure, MPA with a ratio of 250:1, a rather small value, can 
saturate QD surface and well stabilize them in water. This was not found to be 
possible in the classic method.[29] This value is also quantitatively in agreement with 
the calculated saturation value of MPA on one QD (230:1), implying the majority of 
reactive sites on the QD surface are accessible to the environment and make the 




QDs reversibly capped by EDA can be promising for highly efficient nanoparticle-
molecule conjugate. 
Furthermore, we noted a spectral difference of the QDs transferred by the protocol 
described in the experimental section (MPA:QD ≈ 17400:1) and by the procedure 
described in this section (MPA:QD = 10:1 to 1000:1). The high dose of MPA 
(17400:1) may result in surface etching of QD, characterized by blue shift of both 
absorption and PL spectra (Fig 4.9c inset and d) as well as low PLQY (34%). The 
relative low dose of MPA (MPA:QD = 500:1 to 1000:1) produced unchanged spectra 
and high PLQY (52% vs. the original QDs of 60%). Comparing with the optimal 
range of the molar ratio of thiol:QD in classic method, our approach provides an 
optimized one at 102 ~ 103 to achieve both high transfer efficiency and essentially 
preserved photoluminescence, which is at least two orders smaller than that in the 
former one.[29] This also reflects the nature of the unprotected QD surface reversibly 
capped by EDA. 
 
4.4 Ligand exchange based phase transfer vs. aqueous 
systhesis: advantages and disadvantages 
In this section, we discuss some main advantages and disadvantages of the two 
methods (ligand exchange based phase transfer and aqueous synthesis) for the 
preparation of highly luminescent water soluble QDs. The comparison is mainly 
based on our study. The literatures are also taken into consideration to some extent. 
Table 4.4 Comparison between two approaches for the preparation of water soluble 
highly luminescent QDs: ligand exchange based phase transfer and aqueous synthesis.  
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 Aqueous synthesis Phase transfer 
Applicable 
semiconductor 
Only for CdTe-based system. Applicable for all II-VI, III-V and I-III-VI 
semiconductor as long as the particles are 
shelled by ZnS. 
Applicable 
surface ligand 
A number of mercaptocarboxylic acids. 
However, due to the difference of chemical 
structure, the preparative condition of 
mercaptocarboxylic acid capped water 
soluble QDs via this method varies 
significantly. Mercaptosuccinic acid is the 
best one in terms of achievable (high) 
photoluminescence quantum yield and 
(wide) emission window. 
A number of mercaptocarboxylic acids, 
thiolated water soluble polymer, thiolated 
biomoleucle. 
The preparative condition of thiolated 
ligands capped water soluble QDs via this 





The PL emission window: tunable over 
visible to near infrared regime (ca. 500-
850nm). 
PL quantum yield: low at the range of 500-
600nm due to the incomplete or thin CdS 
shell; high at the range of 600-850nm due to 
complete or thick CdS shell. 
The PL emission window: depends on the 
composition of semiconductor. The PL 
emission of state-of-the-art QDs synthesized 
via organometallic method covers all spectra 
ranging from visible to NIR. Thus, this 
method can produce water soluble QDs with 
widely tunable emission window (480-
850nm). 
PL quantum yield: As the PLQY of the 
original oleophilic QDs is typically high, that 
of the transferred QDs is high across all 
visible and NIR window. 
 
According to this comparison, it is clear that the advantage of “phase transfer” relies 
on the versatility, that is, this approach is applicable to most semiconductor 
compounds and thiol-based ligands. To the contrary, the aqueous synthesis is limited 
to the CdTe-based system. However, the straightforward procedure of this method 
attracts researchers who is not expert in chemical synthesis while simply needs QDs 
with bright fluorescence. In terms of the PL property, although the PL emission is 
tunable in a wide range, the aqueous synthesis provides QDs with the brightest PL in 
red and near-infrared regime due to a better shell passivation of large size particles. In 
comparison, the PL property of water-soluble QDs prepared via “phase transfer” is 
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primarily determined by the original oleophilic QDs. The state-of-the-art synthetic 
strategies in organometallic approach are able to produce highly luminescent QDs 
with strong PL emission tunable across entire visible and partial NIR spectrum. 
Hence, by employing our new “phase transfer” method, the corresponding highly 
luminescent water-soluble QDs are able to be prepared.   
 
4.5 Conclusion 
The thick organic layer provides QDs with oil-solubility and stability in nonpolar 
solvents. However, with the aim of transferring oleophilic QDs to aqueous phase, the 
original organic layer builds a sturdy steric barrier to ligand exchange. In this study, 
we demonstrated a facile and general method to transfer oleophilic QDs to aqueous 
phase with high transfer efficiency (~100%) and essentially retained PLQY (> 80%). 
The transfer is based on ligand exchange process mediated by EDA. The addition of 
EDA prior to strong ligands (i.e. mercaptocarboxylic acids) to oleophilic QDs was 
proved to be the vital step. The roles of EDA in this process have been identified, 
including: (1) react with and strip off original ligands; (2) reversibly adsorb on the 
surface of stripped QDs and transfer QDs to aqueous phase; (3) spontaneously desorb 
from QDs surface and leave reactive surface sites for strong ligands. In addition, it has 
been demonstrated that the surface reactivity of EDA reversibly capped QDs are 
substantially high due to the complete opening of surface reactive sites to the 
environment. Therefore, they can be considered as quasi-bare particles. This method 
is promising to prepare QD-molecule conjugate with high conjugating efficiency and 
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Chapter 5 Preparation of DNA-encapsulated 




The EDA-mediated ligand exchange process significantly simplifies the procedure of 
preparing water-soluble QDs via phase transfer and substantially improves the optical 
property of transferred QDs in comparison to conventional approaches. In the domain 
of bionanotechnology, preparation of high-quality nanoparticle-biomolecule 
conjugate is one of the primary concerns. With attention to the versatility of our new 
approach (EDA-mediated ligand exchange), in this chapter, we studied the 
preparation of QD-DNA conjugate via thiol-metal affinity driven self-assembly. The 
obtained high-quality conjugates can serve as building blocks of superstructure for the 
study of collective properties of QDs. 
Collective properties of nanoparticle (NP) ensemble display significant distinction 
from those of individuals and the feasibility of exploiting these properties in a variety 
of fields makes it one of the focuses in nanoscience and nanotechnology.[1-4] Self-
assembly provides a facile and cost-efficient way to prepare NP ensembles in a 
controllable fashion.[5, 6] A number of chemical methods have been proposed for self-
assembling NPs, including the use of polymers,[7-9] small molecules,[10, 11] surface 
ligands,[12-14] biomolecules,[15-19] and so forth. Owing to the specific pairing law and 
versatility of feasible structuring, DNA-programmed assembly of NPs has been 
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extensively studied and various functional NP ensembles have been devised for 
applications in sensing, imaging, diagnostics, optics, and bioelectronics.[20-22] As a 
primary step, prior to the assembly, conjugates of DNA (usually with a modified 
functional terminus which has high affinity to NP surface) and NPs (here emphasized 
on metal and semiconductor NPs) have to be prepared. Subsequently, the NPs 
separately encoded by two types of single strand DNA with sticky ends can then self-
assemble to a number of structures, such as dimer, trimer, tetramer and network, via 
hybridization. One prototypical example is the formation and self-assembly of AuNP-
DNA conjugates.[23, 24] Hitherto, an assortment of assembly structures based on 
AuNP-DNA conjugates have been obtained. With precise control on formation of 
AuNP-DNA conjugate, delicate constructions of AuNP assembly on the basis of DNA 
guidance can be achieved.[25] 
Colloidal semiconductor nanocrystals (quantum dots, QDs), another class of NPs 
frequently used in the DNA-conjugate studies, have been widely utilized in bio-
imaging and bio-detection by exploiting the superior optical properties of QDs.[26-28] 
Diverse methods have been introduced to conjugate DNA molecules and QDs via 
thiol-metal dative bond[29-31], covalent binding to silanized shell[32] and ligation[33, 34], 
metal-affinity coordination[35, 36], and avidin-biotin interaction[37, 38], to name only a 
few. Among these, direct appending thiolated-DNA to QD surface is free of 
sophisticated pre-modification of both components and thus widely accepted to 
prepare QD-DNA conjugate with relative ease. More importantly, in QD-based 
Förster resonance energy transfer (FRET) investigation, this method produces the 
structure with the shortest separation distance between these two fluorophores and 
provide more precise controlling on the separation distance. Nonetheless, unlike 
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citrate-capped AuNPs, via this method, it is still challenging to achieve efficient 
conjugation and control on QD surface coverage by DNA probably due to both the 
smaller size (3~6 nm in diameter) and the hydrophobicity of as-synthesized QDs.  
To address this issue, here, we introduced a novel method to direct conjugation of 
thiolated-DNA and QDs via thiol-metal linkage with high DNA surface coverage yet 
exceptional accessibility. Standing out of conventional approaches, our method is 
rooted in the removal of original hydrophobic surface ligands by reaction with 
ethylenediamine (EDA) and in situ formation of EDA reversibly capped QDs prior to 
the introduction of thiolated-DNA. Via mediation by EDA, the ligand replacement is 
dominated by thermodynamic equilibrium (intense binding strength between thiol 
group and free metal sites on QD surface) between incoming ligands (thiolated-DNA) 
and QDs rather than kinetic parameters. Examined by optical spectroscopy, gel-
electrophoresis and FRET analysis, the as-prepared conjugates have been 
demonstrated to be highly luminescent (photoluminescence quantum yield PLQY 





CdO (≥ 99.99%), Se (99.99%), 1 -octadecene (ODE, 90%), oleic acid (OA, 90%), 
oleylamine (OLA, 70%), trioctylphosphine (TOP, 90%), zinc diethyldithiocarbamate 
(Zn(DETC)2, 97%), ethylenediamine (EDA, ≥ 99%), tris(2 -carboxyethyl) phosphine 
hydrochloride (TCEP, 0.5 M) were purchased from Sigma. Thiolated- and Cy5 
117 
 
labelled- single stranded oligonucleotides were obtained from Integrated DNA 
Technologies (IDT). Hexane, toluene, acetone and methanol in analytical grade were 
obtained from Fisher Scientific. 
 
5.2.2 Preparation of CdSe/ZnS core/shell nanocrystals 
CdSe NCs were synthesized by using non-injection method.[39] Briefly, CdO (0.0128 
g), OA (0.0593 g) and ODE (5 g) were mixed and heated to 230°C in a 25 mL three-
neck flask under nitrogen. When the solution turned optically clear, it was cooled to 
room temperature. Se powder (0.004 g) was added to this reaction solution and 
temperature was raised to 230°C at a rate of 20-25°C·min-1. CdSe NCs began to form 
upon the dissolution of Se powder in ODE at 210°C. The reaction mixture was cooled 
to room temperature when CdSe NCs with desired size were obtained. A small 
portion of crude CdSe solution was acquired and diluted with hexane for optical 
measurement and determination of the NC size. 
Zn(DETC)2 was used as the single-source precursor for ZnS shell growth.[40, 41] 
Briefly, Zn(DETC)2 powder was first dissolved in a mixture of OLA and TOP to 
prepare the Zn/S precursor solution. OLA (1 mL) and TOP (1 mL) were added to the 
CdSe solution. Then the reaction flask was under vacuum for 30 minutes and filled 
with nitrogen subsequently. The reaction solution was heated to 100°C and Zn/S 
precursor solution with a calculated amount for the first shell growth was added by 
syringe injection. After keeping at 100°C for 30 minutes, the temperature was raised 
to 180°C and maintained for another 30 minutes. The solution was then cooled to 
120°C and Zn/S precursor solution for the second shell growth was added. The 
temperature was re-increased to 180°C to promote the shell overgrowth. The reaction 
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was then cooled to room temperature. The obtained CdSe/ZnS core/shell QDs were 
stored in the crude solution for further use. 
 
5.2.3 Controlled assembly of thiolated oligonucleotides (HS-oligos) on 
QDs 
The HS-oligos were assembled on QDs by employing the EDA-mediated method and 
thus the oligo-capped QDs were soluble in aqueous media. This was conducted in the 
manner of homo-ligand assembly implying that the QD surface was saturated by 
single type of HS-oligos. In a typical procedure, 60 µL EDA was added to the QD 
solution under vigorous stirring. After 40 min, 50 µL aqueous solution containing 
TCEP activated HS-oligos was added to the mixture and reaction proceeded for 30 
minutes. Subsequently, desired amount of NaCl was loaded to the mixture to bring the 
salt concentration in aqueous phase to 50 mM and stirring was maintained for another 
30 minutes. Aqueous phase and nonpolar phase were evidently separated. The 
coloured aqueous phase and the colourless organic phase indicated the complete 
transferring of QDs and hence the successful assembly of HS-oligos on QDs. The 
aqueous phase was loaded to a centrifuge tube and addition of excess methanol 
followed by centrifugation precipitated the QDs out of crude solution. The pellet was 




5.2.4 Determination of amount of HS-oligos for saturating QD 
surface 
As demonstrated in our previous work, the QD surface is essentially unprotected and 
highly reactive by EDA treatment, facilitating the quantitative binding of incoming 
strong ligands. This implies that, excess incoming ligands are unnecessary to well 
stabilize QDs in aqueous phase via ligand exchange. Meanwhile, the incoming 
ligands with the amount substantially below the threshold value cannot stabilize QDs 
in aqueous phase probably due to the aggregation of unpassivated QDs. This indicates 
that the applied amount of HS-oligos is directly related to the solubilisation of QDs in 
aqueous media and thus provides a simple way to examine whether the QD surface is 
saturated by HS-oligos, as well as approximate estimation of the number of 
immobilized HS-oligos per QD under saturation condition. To determine the applied 
amount of HS-oligo to saturate QD surface, five different molar ratios of (oligo:QD) 
was examined, that is ca. 19:1, 37:1, 56:1, 93:1 and 149:1. The experimental 
procedure is the same as that described in last section except that different amount of 
oligos were added to each QD solution. After reaction, the DNA capped QDs were 
purified and redispersed in ultrapure water.  
Agarose gel electrophoresis was utilized to evaluate the conjugation and conducted 
according to our previous work with slight modification.[24] In brief, the conjugate 
samples were loaded into the wells within agarose gel (1%) and the electrophoresis 
(0.5X TBE as running buffer) was carried out for 40 minutes at 70V. The conjugate 




5.2.5 Hybridization and Förster resonance energy transfer (FRET) 
study 
Hybridization of QD-oligos with Cy5-labelled complementary strands was conducted 
to assess the bio-functionality of the immobilized oligos. The hybridization of the 
complementary strands brought QD (donor) and Cy5 (acceptor) to a designed 
separation distance and hence induced distinct FRET between them. To achieve 
hybridization, QD-oligo (5 µL, ca.1.6 µM) was first loaded in buffer (50 mM tris 
pH8.0 and 100 mM NaCl) and subsequently mixed with complementary Cy5-labelled 
oligos.[24] The ratio of acceptor:donor varied from ca. 1 to 37. The mixture was 
incubated in the dark for 6 hours and then FRET analysis was performed. 
  
5.2.6 Detection of microRNA (Let-7a) by using a sandwich-structure 
The capturer probe (QD-oligo11) was first prepared according to the procedure 
described above. The capturer (oligo BC), reporter (oligo BR) and target (oligo BT, 
microRNA Let-7a) were sequentially added to the buffer with incubation for 6 hours 
at 4°C and then went through the FRET analysis. The ratio of target:capturer varied 
from ca. 1 to 7. 
 
5.2.7 Characterization 
Transmission electron microscopy (TEM) images were recorded on a JEOL JEM-
2100F electron microscope with an operating voltage at 200 kV. UV-visible 
absorption spectra were taken on a Varian Cary 50 Bio spectrophotometer. PL spectra 
were recorded at room temperature on a Cary Eclipse fluorescence spectrophotometer 
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using a 1 cm path length quartz cuvette. FRET analysis was performed on Tecan 
Infinite M200 microplate reader by using black 96-well plate (Thermo Scientific 
NUNC). Excitation wavelength for FRET study was fixed at 490 nm, at which the 
direct excitation of Cy5 is negligible. 
  
5.2.8 Measurement of photoluminescence quantum yield (PLQY) 
The PLQY of QDs and QD-oligo conjugate were measured by using Rhodamine 6G 
(R6G) as the reference. The PLQY of R6G as 0.95 (in ethanol, with excitation at 490 
nm) was used.[42] The optical density at excitation wavelength (490 nm) of QDs in 
hexane (original) or in ultrapure water (transferred) and that of R6G in ethanol was 
tuned to be identical. Excitation slit and emission slit were adjusted both to be 5 nm 
respectively. Integrated intensity of the emission spectra was calculated and the 
PLQY of QDs was estimated by according to: 
Φ𝑠 = Φ𝑟 × �𝐴𝑟𝐴𝑠� × �𝐼𝑠𝐼𝑟� × �𝑛𝑠𝑛𝑟�2     (5.1) 
where s and r represent the samples and reference dye respectively; Φ represents 
PLQY; A represents absorption at excitation wavelength, which was identical for all 
samples and reference; I stands for the integrated area of emission spectra; n is the 
refractive index of the solvent used. 
 
5.2.9 Förster resonance energy transfer (FRET) calculation 
The Förster distance (R0) in our system (QD and Cy5) was calculated by using Eq 5.2: 
𝑅0
6 = 8.79 × 10−5(𝜅2𝜂−4ΦD𝐽(𝜆))   (in Å6)     (5.2) 
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in which, κ2 is the relative orientation factor of dipoles and usually assumed to be 2/3; 
η equals 1.33 as the refractive index of aqueous buffer; ΦD is the PLQY of donor and 
here is used as 0.4; J(λ) is the spectral overlap integral. The J(λ) is calculated 
according to Eq 5.3: 
𝐽(𝜆) = ∫𝑓𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆   (in M-1·cm-1·nm4)     (5.3) 
In which, 𝑓𝐷(𝜆) is the normalized integrated PL intensity of donor in wavelength 
range λ to λ+Δλ (here is 500 to 750 nm); 𝜀𝐴(𝜆)  is the extinction coefficient of 
acceptor at wavelength λ. In accordance with the experimentally measured spectra of 
QD-oligo and Cy5-labelled oligo, the overlap integral 𝐽(𝜆) was calculated to be 1.072 
× 1016 M-1·cm-1·nm4 and 𝑅0 was 65.6 Å. 
Based on the parameters calculated above, the FRET efficiency (EFRET) was 
calculated in Eq 5.4: 
𝐸𝐹𝑅𝐸𝑇 = 𝑛𝑅06𝑛𝑅06+𝑟6 = 1 − 𝐹𝐷𝐴𝐹𝐷      (5.4) 
In which, r is the separation distance between donor and acceptor; n is the ratio of 
(acceptor:donor); 𝐹𝐷𝐴 and 𝐹𝐷 are the PL intensity of donor in the presence or in the 




5.3 Results and discussion 
5.3.1 Conjugation of QDs and HS-oligos via EDA-mediated ligand 
exchange process 
QDs were prepared by using established method[39-41] and stabilized by oleic acid (OA) 
and oleylamine (OLA) in organic solvent (Fig 5.1). To achieve the conjugation of 
QDs and HS-oligos, the approach of EDA-mediated ligand exchange was employed 
(Scheme 5.1). Accompanying with the conjugation, oligo-capped QDs turned to be 
fully soluble in aqueous media. As demonstrated in our previous efforts, excess EDA 
strips off majority of the original hydrophobic ligands of QDs, reversibly adsorbs on 
QD surface, and renders QDs hydrophilic. Due to the weak binding affinity of EDA to 
QD, strong ligands, such as mercaptocarboxylic acids, readily replace EDA and 
tightly adsorb on QD surface. As a mediator, EDA converts a heterogeneous reaction, 
which takes place at the phase boundary of two immiscible solvents (such as toluene 
and water), to a quasi-homogeneous reaction occurring in a single phase (here, in 
water). Importantly, via mediation by EDA, the ligand exchange process is tuned to 
be dominated by thermodynamic equilibrium (intense binding strength) between 
incoming strong ligands and QDs rather than kinetic parameters, such as the amount 
of incoming ligands, reaction temperature, etc. Therefore, our method is more 










Diameter (nm)  
Figure 5.1 (a) TEM image of oleophilic QDs used in this study. (b) The histogram of size 
distribution of the QDs used in this study (d = 4.7±0.7 nm). 
 
 






: Thiolated ssDNA 
Scheme 5.1 EDA-mediated ligand exchange and thiol-metal affinity driven self-assembly of 
HS-oligos on QDs. 
 
Table 5.1 Sequence of oligonucleotide strands used in this study 
Oligonucleotide Sequence (5’ to 3’) Tm (°C) 
A1 HS(CH2)6-5’TTTCGGTTCCAGCTTCTG 52.5 
A2 HS(CH2)6-5’TTTATGCGGTTCCAGCTTCTG 55.6 
A3 HS(CH2)6-5’TTTATGATGCGGTTCCAGCTTCTG 57.6 
A4 HS(CH2)6-5’TTTCACGATGATGCGGTTCCAGCTTCTG 62.6 
A1’ Cy5-5’CAGAAGCTGGAACCG 49.7 
A2’ Cy5-5’CAGAAGCTGGAACCGCAT 55.5 
A3’ Cy5-5’CAGAAGCTGGAACCGCATCAT 57.8 
A4’ Cy5-5’CAGAAGCTGGAACCGCATCATCGTG 61.9 
5 Cy5-5’TTT TTT TTT TTT TTT 28.4 
BT 5’UGAGGUAGUAGGUUGUAUAGUU 46.0 
BC HS(CH2)6-5’TTT AAC TAT ACA AC 29.1 
BR Cy5-5’CTACTACCTCA 27.9 
 
Typically, oleophilic QDs were first incubated with EDA at a ratio of ca. 1:106 and 
subsequently reacted with desired amount of HS-oligo without purification (Table 
5.1). Upon the tight binding of HS-oligo, the QDs spontaneously transferred to 
aqueous buffer due to the dense charge of oligos (Fig 5.2). No aggregates appeared at 




Figure 5.2 Digital photo of EDA-mediated ligand exchange and self-assembly of HS-oligos 
on QDs. The original QDs were suspended in toluene and transfer to aqueous buffer upon full 
passivation by HS-oligos. 
 
Although largely excess incoming ligands are not needed for complete ligand 
exchange using this method, sufficient quantity is indispensible for full passivation of 
QD surface and avoiding aggregation via unoccupied surface sites. Hence, we first 
examined the threshold quantity of HS-oligo for complete ligand exchange and 
formation of fully-oligo-capped QDs. A series ratio of (oligo:QD), from 19:1 to 149:1, 
was tested (see Experimental Section for details). The gel electrophoresis of the 
resultant QD-oligo conjugates illustrated that, by using smallest amount of oligo 
(oligo:QD = ca. 19:1), the as-formed conjugates were highly polydispersed in terms 
of the QD valency (i.e. number of immobilized oligo per QD) and colloidally unstable. 
This was indicated by the significantly diffusive bands and stagnancy of conjugates 
with considerable amount in gel wells (Fig 5.3). By increasing the feeding amount of 
oligos (37:1 and higher), the gel electrophoresis bands of conjugates showed distinctly 
higher migration speed and became sharper compared with that under the condition of 
oligo:QD = 19:1, implying that the conjugates formed at these conditions had higher 
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and homogeneous valency. The migration speed and sharpness of the bands, however, 
did not exhibit substantial difference when the ratio of (oligo:QD) increased from 
37:1 to 93:1. This implicitly demonstrated that the threshold amount of HS-oligo to 
fully passivate QD surface was 37 oligos per QD (We assume all feeding HS-oligos 
binding on QDs as discussed above and in our previous report due to the high binding 
affinity of thiol group and the large accessible surface area of QDs). Therefore, the 
surface footprint area of oligo on QD was calculated to be ca. 1.9 nm2, which was 
much smaller than that of oligo-Au nanoparticle conjugates.[43] Taking into account of 
the much smaller nanoparticle used in this study (4.7 nm vs.10 nm[43]), the smaller 
surface footprint area (i.e. higher surface density) of oligos on QDs was reasonable. 
However, it was still ca. two times larger than the recorded value in a “direct 
conjugation”  system.[44] 
 
Figure 5.3 Gel electrophoresis of QD-DNA conjugates prepared by different HS-oligos and 
various (oligo:QD) ratios (shown in photo). 
 
A further increase of oligo:QD to 149:1 resulted in a generally slower migration speed 
of conjugates in electrophoresis compared with the results under the conditions of the 
(oligo:QD) at 37:1, 56:1 and 93:1. It was probably due to additional HS-oligos 
binding on QDs which induced a bulkier conjugate and hence retarded the migration 
speed.[45] More importantly, we noted slight aggregation and heterogeneous QD 
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valency of the conjugates at this condition, reflected by relatively diffusive bands. We 
believed this result might be primarily induced by the depletion attraction among QDs 
in the presence of large amount of HS-oligos.[46-48] The thiol termini in oligos readily 
access QD surface and form strong binding due to the thermodynamic equilibrium 
between highly reactive particle surface and ligands. At intermediate ratio of 
(oligo:QD) (i.e. 37:1 – 93:1), this process dominates the interaction between QDs and 
HS-oligos. Nevertheless, when the feeding amount of oligos was increased to 149:1 of 
(oligo:QD), substantially excess oligos surround each QD but the binding via thiol-
metal linkage may not instantly establishes due to the limited accessibility of thiol 
group to QD surface in the “crowded” micro-environment. Depletion attraction may 
occur between QDs under such condition. As a result, aggregates and conjugates with 
heterogeneous valency are produced. 
According to the studies above, to ensure both colloidal stability and high QD valency, 
the ratio of (oligo:QD) as 56:1 was used to prepare QD-oligo conjugates for further 
studies. 
   
5.3.2 Optical properties of QD-oligo conjugate and FRET studies 
The absorption and PL spectra of QD-oligo conjugates illustrated that no significant 
spectral changes occurred in the conjugating process (Fig 5.4a). The PLQY of the 
conjugates was estimated to be ca. 50%, a decent value which is suitable for FRET 
study and other fluorescence-based sensing and imaging applications (Fig 5.4b). Both 






































Figure 5.4 (a) Absorption and PL spectra of oleophilic QDs (black) and oligo-capped QDs 
(red); (b) estimation of PLQY of oleophilic QDs and oligo-capped QDs with reference of 
R6G. 
 
FRET study between QD (donor) and Cy5 (acceptor) was performed to assess the bio-
functionality of immobilized oligos on QDs (Scheme 5.2). Cy5 was selected as 
acceptor due to good spectral overlap between its absorption spectrum and emission 
spectrum of QDs while minimal crosstalk between its emission spectrum and that of 
QDs (Fig 5.5). The double-stranded oligos (Table 5.1), a more rigid molecule[49-51] 
resulting from the hybridization of immobilized oligos on QDs and Cy5-labelled 
complementary strand, controlled the separation distance between donor and acceptor. 
Excitation wavelength for FRET study was fixed at 490 nm, at which the direct 





Scheme 5.2 The FRET event between QD (donor) and Cy5 (acceptor), which is controlled by 
















   
 
Figure 5.5 Absorption and PL spectra of QD-oligo conjugate (black) and Cy5-labeled 
complementary strand (red). 
 














Wavelength (nm)  
Figure 5.6 Selection of excitation wavelength in FRET study. According to the spectra, it was 
estimated that the integrated PL intensity of oligo-Cy5 excited at 490 nm was ca. 1% of that 
with excitation at 591 nm. 591 nm is the PL emission maximum of QDs used in this study. 
Therefore, the 490 nm was selected as the excitation wavelength in FRET study. 
 
In this study, the amount of QD-oligo (A1 - A4) conjugates was fixed, while Cy5-
labelled oligos (A1’ – A4’) with gradually increasing amount were titrated in each test. 
The FRET occurred upon the hybridization of complementary part (15 – 25 base-
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pairs). The representative PL spectra in FRET study shown in Fig 5.7a-d illustrated 
that the PL maximum of QDs was successively dampened as the gradual increase of 
the titrated Cy5-labelled oligos, indicating that growing FRET events occurred as 
more hybridization took place (Fig 5.7a). In the meantime, the PL maximum of Cy5 
firstly raised (in the range of (acceptor:donor) n = 1.2~6.9) and dropped as more Cy5-
oligos was added (in the range of n = 9.2~36.9) (Fig 5.7a). This could be attributed to 
the formation of non-fluorescent Cy5 dimers and inner-filter effect at high local 
concentration of Cy5 due to multiple Cy5 molecules tethered on one QD via 
hybridization (Fig 5.7e-h).[52] The programmed quenching of PL emission of QDs via 
FRET was more unambiguous by describing FRET efficiency as a function of 
(Cy5:QD) (Fig 5.8a). It was revealed that, in general, with increasing feeding amount 
of Cy5-oligo, the FRET efficiency grew up regardless of different spacer length 
(18~28 base-pairs). Besides, in comparison with conjugates separated by larger 
distance (e.g. 21 ~ 28 bases), the one with the smallest separation distance (i.e. 18-
base) exhibited the highest FRET efficiency at a fixed (Cy5:QD) ratio (Fig 5.8b). 





















































































Wavelength (nm)  
Figure 5.7 PL spectra in FRET study. The PL maximum of QD-oligo conjugate was at ca. 593 
nm and that of Cy5-labeled complementary strand was at ca. 671 nm. The amount of QD-
oligo conjugate was fixed in each test, while the quantity of Cy5-labeled complementary 
strand was increased to achieve the (Cy5:QD) from ca. 1 to 37. The separation distance 







24-base to (d) 28-base. The legend in (a) was also applied to (b), (c) and (d). And The 
evolution of PL spectrum of Cy5 in the FRET study (e-h). This set of spectra was extracted 
from (a-d) and the displayed range was narrowed to 650 - 750 nm to clearly reveal the 
detailed features. In all circumstances, the PL maximum of Cy5 firstly raised and dropped as 
more Cy5-oligos was added. Another feature is that the PL maximum of Cy5 always shows a 
red-shift at the largest dose of Cy5-oligo (Cy5:QD = 36.9), compared with that with addition 
of fewer Cy5-oligo. This could be attributed to the formation of non-fluorescent Cy5 dimers 
and inner-filter effect at high local concentration of Cy5 due to multiple Cy5 molecules 
tethered on one QD via hybridization. 
 


















      













Figure 5.8 (a) FRET efficiency as a function of (Cy5:QD) ratio. In this plot, the dots are 
experimental data and the curves are theoretical values calculated according to Eq 5.4. (b) 
FRET efficiency as a function of separation distance ((Cy5:QD) was fixed at ca. 7). In this 
plot, the dots are experimental data and the curves are theoretical values calculated according 
to Eq 5.4. 
 
In spite of the reasonable FRET trend, we noted that the experimental data 
substantially scattered in several cases, especially at the condition of large (Cy5:QD) 
(Fig 5.8a). Therefore, two additional factors were taken into consideration: (1) 
hybridization efficiency and (2) diffusion-driven dynamic quenching. The 
hybridization efficiency between immobilized oligos on QDs and complementary 
strands (Cy5-oligo) determines the actual acceptor-donor ratio and thus influence the 
FRET efficiency. Unlike hybridization in free space (e.g. solution phase), the 
hybridization of oligos (probe) tethered on substrate (both flat surface and 




parameters (assuming no base pair mismatch).[53-56] In this study, the compact oligo 
layer surrounding QD due to full passivation was believed to present strong steric and 
electrostatic repulsion to the hybridization. Indeed, with increasing length of 
immobilized oligos and thus strengthening of both steric and electrostatic repulsion, 
the conjugates with 28-base oligos show lowest hybridization efficiency, indicated by 
the most significant difference of experimental FRET efficiency and that from 
theoretical calculation (in the range of Cy5:QD = 0 ~ 10). 
In addition to FRET, diffusion-driven dynamic quenching by Cy5-oligo freely 
moving in solution also contributes to the weakening of QD PL[57] and it is likely to 
cause an overestimation of the FRET efficiency. To assess the influence of this 
process on PL loss, Cy5-labelled non-complementary oligo (Oligo 5) was titrated to 
the solution containing Oligo A1-capped QDs and the PL spectra of the mixture were 
recorded after incubation for 6 hours. As illustrated in Fig 5.9, the quenching 
efficiency by titration of non-complementary Oligo 5 shows a linear function of Cy5 
concentration, confirming the nature of diffusion-driven dynamic quenching. 
Additionally, the dynamic quenching exhibited a very limited efficiency (≤ 20%) at 
all conditions tested here. This fact demonstrated that the QD PL loss essentially 
originated from FRET in the conjugate of QD-Cy5 bridged by 18-base oligos. The 
actual FRET efficiency was estimated by subtracting the dynamic quenching 
efficiency from the directly measured value and the actual hybridization efficiency 
could be approximately evaluated (Table 5.2). To our surprise, the hybridization 
efficiency of immobilized oligo A1 on QDs with complementary oligo A1’ was fairly 
high (ca. 40~80%) comparing with the values in the hybridization of AuNP-oligo 
with complementary strand.[54, 56] This indicates that the density of immobilized oligos 
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on QDs in this study might not be too high to prevent hybridization of short oligos 
(18-base) but it is sufficiently dense to resist penetration of non-complementary oligos 
by steric and electrostatic repulsion and thus efficiently avoid nonspecific diffusion-
driven dynamic quenching. For the experimental data of FRET efficiency (Fig 5.8a) 
in range of (Cy5:QD) > 10, the PL loss by diffusion-driven dynamic quenching 
accounted for a considerable portion in total value and this supplemental effect 
significantly reduces the difference of FRET efficiency caused by varied separation 
distance. Therefore, it is meaningless to compare the FRET efficiency for different 
conjugates at these conditions. Based on the FRET study, it is safe to conclude that 
the QD-oligo conjugate prepared by our method is fully biofunctional and coupled 
with the decent optical property of QDs, the conjugate is highly promising to be 
utilized in sensing application. 
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Ratio of (Cy5:QD)  
Figure 5.9 (a) Titration of Cy5-labeled Oligo 5 to the solution containing Oligo A1-capped 
QDs. Due to the non-complementary sequence, the PL quenching exhibited very limited rate 
with increasing amount of Oligo 5. This was in stark contrast to the scenario of QD-A1-A1’-
Cy5. (b) PL quenching efficiency as a function of (Cy5:QD) ratio. Red dots (experimental 
value) and curve (theoretical calculation) were for the scenario of QD-A1-Oligo5-Cy5 (non-
complementary). The values in the scenario of QD-A1-A1’-Cy5 (complementary) (black dots 
and curve) were also plotted for comparison. Different quenching mechanisms were revealed. 
The experimental data in the scenario of QD-A1-A1’-Cy5 qualitatively fitted for the curve 
modeled according to equation (4), indicating a FRET induced quenching. On the other hand, 
the data in the scenario of QD-A1-Oligo5-Cy5 showed a linear relationship between 
















2.3  0.184 0.0446 0.139 (<1)* 0.358 
4.6 0.490 0.0999 0.390 (3) 0.527 
6.9 0.788 0.111 0.677 (8) 0.626 
18.4 0.979 0.228 0.750 (15) 0.817 
* the values in parentheses indicate the actual number of oligos involved in hybridization and 
thus the hybridization efficiency were estimated. 
 
5.3.3 Detection of microRNA (Let-7a) by using a sandwich-structure 
The detection of microRNA Let-7a was based on a sandwich platform (Scheme 5.3). 
The hybridization of capturer (oligo BC), target (oligo BT) and reporter (oligo BR) 
brings Cy5 (labeled on BR) to adjacent to QD and induces FRET between them. The 
FRET-induced PL quenching could be used to estimate the quantity of target. It was 
anticipated a high sensitivity in such structure in terms of FRET efficiency due to 
small QD-Cy5 separation distance (ca. 71 Å). For the preparation of capturer 
conjugate and hybridization of capturer, reporter and target, please refer to the 
experimental section for details. Five different ratios of target/capturer were examined 
in this study, including 1:1, 2:1, 3:1, 4:1, and 7:1. We first tested the influence of 
dynamic quenching of PL by addition reporter molecules to the capturer solution 
(10:1) in the absence of target. The PL spectra demonstrated a minimal dynamic 
quenching efficiency (ca. 11%), reflecting again the compact structure of oligo layer 





Scheme 5.3 The designed structure for detection of µRNA Let-7a. The QD-capturer oligo 
conjugates were prepared by EDA-mediated self-assembly. * indicates the Cy5 labeling site 
in reporter oligo. 
 













Figure 5.10 The influence of dynamic quenching of PL by addition of reporter molecules to 
the capturer solution (10:1) in the absence of target. The PL spectra demonstrated a minimal 
dynamic quenching efficiency (ca. 11%). The experiments were performed twice for each 
scenario to achieve higher reliability.  
 
Fig 5.11a shows the PL spectra of the hybridization result. Although the QD PL 
intensity was weakened in a programmed fashion by hybridization with increasing 
amount of target oligos, far less than expected, the conjugates exhibited fairly low 
FRET efficiency at all conditions (20~30% of the theoretical values). The highest 
FRET efficiency (ca. 23%) was obtained by addition of the most target oligos 
(target:capturer = 7:1), implying that very small fraction (< 15%) of added target 
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oligos were hybridized with capturer and reporter. We believed that the low 
hybridization efficiency should be ascribed to the low melting point (Tm) of capturer 
oligo (29.1°C) and reporter oligo (27.9°C), as well as the inserted Cy5 moiety induced 
steric hindrance. To confirm this point, the samples were dehybridized at 30°C for 10 
minutes and the PL spectra were recorded subsequently. Fig 5.11b shows that, upon 
dehybridization, PL was recovered in all samples, substantiating that the low Tm of 
capturer and reporter was the origin of low hybridization efficiency. We believed that 
this might be also the reason for low hybridization efficiency and thus low FRET 















































Figure 5.11 Detection of microRNA Let-7a by using a sandwich-structure (Scheme 5.3). (a) 
PL spectra upon the hybridization of Oligo BC (immobilized on QDs), Oligo BR and Oligo BT. 
Five different ratios of target/capturer were tested, that is, 1:1, 2:1, 3:1, 4:1, and 7:1. Inset is 
the plot of FRET efficiency as a function of (Cy5:QD) ratio. The dots are experimental data 
and the curve is the calculated value according equation (4). (b) Normalized integrated PL 
intensity measured after dehybridization at 30°C for 10 minutes. The dotted line indicates the 
value in the absence of target (normalized to 1). The points along x-axis stand for the 
target/capturer ratio of 0 (A), 1:1 (B), 2:1 (C), 3:1 (D), 4:1 (E), and 7:1 (F). 
  
5.4 Conclusion 
In this study, we developed a facile method, which relies on the EDA mediation, to 
prepare DNA-QD conjugates via thiol-metal affinity driven self-assembly. Unlike 




dose of incoming thiolated-DNA and relatively high temperature for exchange 
reaction, in our method, the pre-removal of native hydrophobic ligands by reaction 
with EDA and in situ EDA reversible capping on QDs substantially reduce kinetic 
barrier and shift the control step in ligand exchange to the thermodynamic equilibrium 
between incoming ligands (thiolated-DNA) and QDs. This is reflected by the 
aggregate-free phase transfer of QDs in ca. 2 hours, in severe contrast to the 
established one conducted in a few days.[29] The as-prepared conjugates exhibit bright 
photoluminescence, high surface coverage with DNA and yet exceptional 
accessibility. Due to the nature of thiol-metal affinity driven assembly, we believe that 
our method holds the promise to be a general way for the conjugation of QDs with 
biomolecules containing metallophilic moieties. 
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Chapter 6 Conclusions 
 
Throughout the studies in this dissertation, new methodologies to prepare highly 
luminescent water-soluble QDs have been explored. First, we have developed a facile 
procedure for synthesizing highly luminescent CdTe/CdS core/shell QDs with widely 
tunable PL emission window in aqueous phase under fully ambient air atmosphere 
without inert gas protection throughout experiment. Air has been demonstrated having 
negligible influence on the chemical state of surface Te atoms in our synthetic 
condition, which can be attributed to reductive atmosphere generated by NaBH4, 
strong bonding of -SR group to surface Cd-atoms and excess thiol molecules in 
reaction solution. NCs with NIR emission wavelength (> 800 nm) were readily 
obtained by simply manipulating the reflux interval. High PL quantum yield (> 40%) 
was obtained without post-synthetic treatment, especially for the NCs at the red- and 
NIR-emission window, which are promising candidates in the bioimaging and 
biosensing applications. In addition, by studying the time-resolved PL spectra, we 
witnessed the transition of electronic structure of CdTe/CdS c/s NCs from type-I to 
type-II upon thickening of CdS shell. This band alignment transition can be used to 
account for the widely tunable PL emission window. Combined with the intrinsic 
simplicity, this method provides a practical route to fabricate highly-luminescent 
water-soluble QDs with emission tunable from visible to near-infrared region. 
For the QDs synthesized via organometallic method, the thick organic layer provides 
QDs with oil-solubility and stability in nonpolar solvents. However, with the aim of 
transferring oleophilic QDs to aqueous phase, the original organic layer builds a 
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sturdy steric barrier to ligand exchange. We developed a facile and general method to 
transfer oleophilic QDs to aqueous phase with high transfer efficiency (~100%) and 
essentially retained PL quantum yield (> 80%). The transfer is based on ligand 
exchange process mediated by ethylenediamine (EDA). The addition of EDA prior to 
strong ligands to oleophilic QDs proved to be the vital step. The roles of EDA in this 
process include: (1) react with and strip off original ligands; (2) reversibly adsorb on 
the surface of stripped QDs and transfer QDs to the aqueous phase; (3) spontaneously 
desorb from QDs surface and leave reactive surface sites for stronger ligands in the 
aqueous phase. In addition, it has been demonstrated that the surface reactivity of 
QDs capped with EDA reversibly are substantially high due to the complete opening 
of surface reactive sites to the environment, and can be considered as quasi-bare 
particles. This method is promising to prepare QD-molecule conjugate with high 
conjugating efficiency and fundamentally preserved PL property. 
The EDA-mediating method was further employed to directly conjugate DNA and 
QDs via thiol-metal affinity with high DNA surface coverage yet exceptional 
accessibility. Unlike conventional approaches depending on kinetic parameters, the 
pre-removal of original hydrophobic ligands by EDA and in situ reversible capping of 
EDA on QDs shift the control step in ligand exchange to the thermodynamic 
equilibrium (i.e. strong binding strength between thiol group and free metal sites on 
QD surface) between incoming ligands (thiolated-DNA) and QDs. The as-prepared 
conjugates was examined by optical spectroscopy, gel-electrophoresis and FRET 
analysis and have been demonstrated to be highly luminescent (PL quantum yield 
40~50%), fully covered by DNA and exceptional bio-functionality. This method 
provide great ease to fabricate the QD-DNA conjugates in a controllable manner and 
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the conjugation mechanism reveals that it should be a general route for the 




Chapter 7 Suggestions for future work 
 
New methodologies for preparation of highly luminescent water-soluble QDs have 
been successfully developed in this dissertation. In this chapter, we describe three 
investigating directions in future based on the developed techniques in this 
dissertation, which mainly aim at the practical application of QDs with designed 
surface functionalization. 
 
7.1 QD-based molecular beacon for multiplexing detection of 
cancer-related microRNA  
MicroRNAs (miRNA) are small non-coding RNA molecule (ca. 19-24 nucleotides) 
found in numerous plants and animals, playing important roles in the regulation of 
gene expression via pairing to messenger RNA (mRNA) in diverse cell processes.[1] 
The miRNA alterations have been evidenced to associate with the initiation and 
progression of oncogenesis of human cells, which may provide a potential tool to the 
diagnosis of cancers in early stage as well as treatment.[2, 3] Recent studies revealed 
that the first identified human miRNA, let-7 family members, have varied expression 
level in cancers at different differentiation stages[4] and may act as the tumor 
suppressor.[5] Hence, it is important to monitor the concentration of let-7 miRNAs in 
cells. The QD-based molecular beacon (MB) can be employed to probe it depending 
on the interaction of target sequence and capturer immobilized on QDs.[6, 7] The 
concentration should be readily obtained according to the fluorescence intensity. This 
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QD-MB conjugate may also enable the simultaneous probing of the concentration of 
miRNA and mRNA and thus provide more insights in progression and relationship of 
miRNA and mRNA. 
On the other hand, although the let-7 miRNAs are known to be involved in tumor cell 
evolution, due to the slight difference between isoforms of let-7 family members, it is 
still unclear whether all of them have significance or selective one plays key role in 
oncogenesis of cells. A series of MB coded QDs can be used to differentiate these 
isoforms via multiplexing detection within QDs of tunable PL emission. 
 
7.2 Ligand shell regulated interaction between QDs and cells  
Several studies recently have shown that NPs with special surface functionalization, 
such as striated ligand layer of alternating hydrophilic and hydrophobic surface 
groups[8], positive[9] or zwitterionic[10] surface charge, facilitate the cell membrane 
penetrate without bilayer disruption and avoid the non-specific biomolecule 
adsorption. For future investigations, systematic studies regarding the interaction 
between cell and QDs with various surface modification conditions are of great 
necessity to gain more insights in understanding cytotoxicity, cellular uptake and 
particle trajectory to improving the biocompatibility, antibiofouling property, QD-




7.3 Assembly of QDs to functional superstructures and 
molecular machine 
In addition to the function of genetic coding, DNA is a powerful structural 
material.[11] With specific control on the hybridizing section, pre-designed sequence 
may form various one-, two-, and three-dimensional structures via self-hybridization 
or hybridization with complementary strands.[12] These superstructures are promising 
to be employed as scaffold for the spatial patterning of QDs via metal-affinity self-
assembly or covalent binding to fabricate ordered QD array in two and three 
dimensions, which is still challenging for current technique. Such superstructures 
afford spatial control at angstrom for the position of QDs and thus may allow study of 
the distance-dependent charge transfer, energy transfer and other opto-electronic 
property with great precision and it is also interesting to investigate the interplay 
between the highly ordered three-dimensional QD array and the incident photons to 
reveal the light-matter interactions in a complex system. 
Plenty of molecular unit are integrated in a cell working as a factory to convert one 
type of energy to another or transmit one type of signal to another and these processes 
closely related to the progression of the cells and thus the health of human body. The 
biomolecule-based machines are typically composed of proteins, DNAs and other 
compounds.[13, 14] QDs can be incorporated into these systems and act as signal 
transducer reporting occurring events.[15] One way to realize this incorporation is to 
modify the QD surface with proteins, DNAs or other ligands. The functionalized QDs 
are able to be included in cavity of molecule or tethered at the specific site of the 
molecule via guest-host interaction, electrostatic attraction, ligand-receptor affinity, 
149 
 
and so forth. These QD-molecular machine conjugates are promising to be utilized to 
probe the intra- and inter-cellular events and construct smart drug delivery system. 
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Appendix A TEM imaging of CdTe/CdS nanocrystals 























    
 
Figure S1. TEM images of CdTe and CdTe/CdS NCs with different reflux interval and the 
corresponding size counting. (a) TEM image of CdTe core NCs; (b) TEM image of CdTe/CdS 
NCs refluxed 40 min; (c) TEM image of CdTe/CdS NCs refluxed 90 min; (d) TEM image of 
CdTe/CdS NCs refluxed 5 hrs; (e) TEM image of CdTe/CdS NCs refluxed 19 hrs; (f) Size 
distribution of obtained NCs. Black: CdTe core NCs (2.7±0.4 nm); Red: CdTe/CdS NCs 
refluxed 40 min (3.1±0.3 nm); Green: CdTe/CdS NCs refluxed 90 min (3.3±0.3 nm); Blue: 






Appendix B Thermogravimetric analysis of oleophilic 
quantum dots and those treated by ethylenediamine 




















QDs treated by EDA
 
Figure S2. Thermogravimetric scans for original QDs (solid line) and QDs treated by EDA (dashed 
line). It was illustrated that the original QDs lost 85.5% of the weight upon heating up to 500 
°C due to the loss of the adsorbed original ligands, while the QDs treated by EDA lost 20.9% 
of the weight. By assuming that minimal amount of EDA adsorb to the QD surface, it is 
estimated that ca. 76% of the original ligands have been removed by the EDA treatment. This 
value is in good agreement with that determined by FTIR (70~80%). 
 
